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The Zoige Basin is located in the northeastern region of the Qinghai–Tibet Plateau and covers an area of
19,400 km2. At a mean altitude of 3500 m, the basin is highly sensitive to global environmental change
and human disturbance due to its high elevation and fragile cold environment. The process of aeolian
desertification in the basin can be clearly recognized in Landsat images that show the development of
sand sheets and dunes over time. To monitor the spatial and temporal changes of aeolian desertification
in the Zoige Basin, we analyzed Landsat images recorded in 1975, 1990, 2000, 2005, and 2010. Results
showed that aeolian desertification increased rapidly from 1975 to 1990, was stable from 1990 to
2000, decreased slightly from 2000 to 2005, and decreased sharply from 2005 to 2010. Increasing tem-
perature, overgrazing, rodent damage, and drainage of wetlands were considered the key driving factors
of the expansion of aeolian desertification. A number of political measures were initiated in the 1990s to
slow desertification, but the countermeasures of grazing prohibition, enclosures, and paving straw
checkerboard barriers were not implemented until around 2005. These measures resulted in a dramatic
recovery of aeolian desertified land between 2005 and 2010. Based on the cause analysis, anthropogenic
factors were identified as the dominant driving force for both development and recovery of aeolian deser-
tified land.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Zoige Basin is recognized as a ‘‘natural reservoir’’ for the
Yellow River as nearly 30% of the Yellow River’s total flow origi-
nates from the basin’s wetland. In addition to having the most
extensive distribution of high-altitude peat bogs in the world, this
area has a large area of high-quality grasslands, serving as the fifth
largest livestock base in China. However, recent investigations
have revealed that aeolian desertification has become one of the
most severe environmental problems, threatening the important
ecological roles of this region. Moreover, as a result of climate
change and artificial drainage, the total wetland area of this basin
has shrunk rapidly since the 1980s (Pang et al., 2010) and the
water table in the Zoige peat-wetlands has severely declined
(Xiang et al., 2009). With the lowering of the water table, the
decomposition of the peat deposits and the accelerated carbon
emissions from peat respiration have become a potential ecosys-
tem crisis (Guo et al., 2013) despite the fact that human–social
factors cause most of the natural CO2 emissions in the Zoige wet-
lands (Cui et al., 2014).

Aeolian desertification occurring on the high-altitude Qinghai–
Tibet Plateau has received attention only recently (Shen et al.,
2012; Zhang et al., 2012). In the 1990s, caesium-137 (137Cs) was
used to study wind erosion in this area (Yan et al., 2001), and in
the mid 2000s, the influence of desertification on vegetation pat-
tern variations was investigated in the cold semi-arid grasslands
of the plateau (Li et al., 2006). The majority of the Qinghai–Tibet
Plateau lies at altitudes higher than 3000 m above sea level, so this
region has a cold high-altitude climate. However, the mean annual
temperature for the entire plateau area has increased significantly
since the 1960s, and particularly since the 1980s. The annual
increased rate in temperature of 0.25 �C per decade is primarily
influenced by warming in winter and autumn (0.40 �C and
0.26 �C per decade, respectively) (You et al., 2010). The rapid cli-
mate change in this region is causing various environmental prob-
lems, including glacier retreat (Lei et al., 2013; Wang et al., 2013),
permafrost degradation (Jin et al., 2008; Yang et al., 2010), grass-
land degradation (Wang et al., 2011, 2008; Zeng et al., 2013), and
aeolian desertification (Hu et al., 2012; Xue et al., 2009).

Because of its important roles in water conservation, biodiversity
protection, and wetland conservation, the Zoige Wetland National
n Qing-
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Natural Reserve was established by the Chinese government in 1994
to protect the marsh and the surrounding areas. The source regions
of the Yangtze, Yellow, and Lancang Rivers were classified as provin-
cial nature reserves in 2000 and were upgraded to national nature
reserves in 2003. Since 2000, Chinese government has invested
nearly RMB 20 billion (approximately US $3.33 billion) to control
the serious environmental problems in this region, including aeolian
desertification. The important eco-environmental and socioeco-
nomic roles of this region highlight the urgent need to study the evo-
lution of aeolian desertification in order to understand its driving
forces. This is the goal of the present study.

2. Study area

The Zoige Basin is located in the eastern part of the Qinghai–Ti-
bet Plateau where China’s Gansu province, Sichuan province, and
Qinghai province meet (Fig. 1). It lies between latitudes 32�170N
and 32�70N and longitudes 101�300E and 103�220E, covering an area
of 19,400 km2. At a mean altitude of 3500 m, the basin is surround-
ed by the Anymaqen Mountains to the northwest, the Minshan
Mountains to the east, and the Qionglai Mountains to the south.
This region includes three counties (Maqu county of Gansu pro-
vince, Zoige county, and Hongyuan county of Sichuan province).
The Zoige Basin is characterized by wide meandering river valleys
and lakes dotted among low hills. Deep Quaternary deposits have
accumulated throughout the basin. The main rivers in the basin
include the Yellow River and its tributaries, including the White
River, the Black River, and the Jiaqu River.

The Zoige Basin has a humid, frigid, continental monsoon cli-
mate due to its high altitude and is characterized by a long winter
and a relatively short summer. The mean annual precipitation
ranges from 654 to 780 mm, and the mean annual potential
evaporation ranges from 1110 to 1273 mm. The mean annual tem-
perature ranges from 0.7 to 3.3 �C, and as a result of this low air
temperature, vegetation gross primary productivity is very low.
The vegetation in this region is dominated by subalpine meadow
and marsh vegetation. Deep loose deposits combined with the cold
and wet climate provide favorable conditions for the development
of marshes and peat. The soil mainly includes alpine peat soils,
alpine meadow soils, and subalpine meadow soils. Carbonate
meadow soils, salt-affected meadow soils, and aeolian sandy soils
have developed in some locations due to land degradation (Huo
et al., 2013).
Fig. 1. Location of t
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3. Materials and methods

3.1. Data sources

The development of sand sheets and dunes that can be clearly
recognized in remote-sensing images indicates the presence of
aeolian desertification (Liu, 1996). To assess the evolution of deser-
tification in the study area, remote sensing and geographical infor-
mation system (GIS) software were employed to monitor the
extent of aeolian desertification five times over 35 years (in 1975,
1990, 2000, 2005, and 2010). The data sources included Landsat
multi-spectral scanner (MSS) images acquired in 1975, with an
80-m spatial resolution; Landsat Thematic Mapper (TM) images
acquired in 1990 and 2005, with a 30-m spatial resolution; and
Landsat Enhanced Thematic Mapper (ETM+) images acquired in
2000 and 2010, with a 30-m resolution. Images recorded between
June and October were selected for analysis because desertified
lands are more easily recognized during this period when vegeta-
tion growth is at its maximum. Thematic maps, including land
use and geomorphologic maps, were used as supplementary data
sources.

3.2. Image processing and interpretation

Image processing included georeferencing the images, mapping
the satellite data, and data processing as well as field validation.
The TM images from 2005 were georeferenced using the Image
Analyst function of version 7.01 of the Modular GIS Environment
(MGE) software (Intergraph, Madison, AL, USA). Georeferencing
was based on more than 40 ground control points (GCPs) derived
from relief maps of the study area at a scale of 1:100,000 created
in 1980 by the Chinese State Bureau of Surveying and Mapping.
The MSS images from 1975, the TM images from 1990, and the
ETM+ images from 2000 and 2010 were matched with the georef-
erenced 2005 TM images. During image georeferencing and match-
ing, 30 to 40 GCPs were selected in each image and the root-mean-
square error of the geometrical rectification between the two
images was limited to 1 or 2 pixels in flat land and 2 or 3 pixels
in mountainous regions; results fell within the range of resolutions
considered appropriate for large-area surveys. A second-order
transformation based on the nearest-neighbor method was used
to resample the images to produce 30 � 30 m pixels for the TM
and ERM+ images and 80 � 80 m pixels for the MSS images. We
he Zoige Basin.

fluencing factors of aeolian desertification in the Zoige Basin, eastern Qing-
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Table 1
Landscape indicators that could be easily identified in the remote sensing images.

Degree of aeolian
desertification

Landscape indicators

Slight Fixed dunes (sandy land), areas of semi-exposed gravel
Moderate Semi-fixed dunes (sandy land), areas of bare gravel
Severe Shifting dunes (sandy land)
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assumed that this resolution would be adequate for our purpose
since broad coverage of a large landscape was more important than
precise mapping of fine details.

Wavelength bands 4, 3, and 2 of the TM images were combined
to generate false-color images that bore richer information and less
redundancy. Databases of aeolian desertification in the study area
in each of the five monitored years were derived from the compos-
ite false-color images by means of a visually interactive interpreta-
tion method, with classification assisted by the MGE software. The
mapping accuracy of this method was considered to be higher than
that of image classification using only the algorithms provided by
the image processing software. The minimum map patch size was
6 � 6 pixels, which was equivalent to 180 � 180 m on the ground.
The positioning error was one pixel on the screen, which was
equivalent to 30 m on the ground in the TM and ETM+ images
and 80 m on the ground in the MSS images.

The images were interpreted by three doctoral students who
majored in geography. The interpretation results for images in a
sampled area were validated in the field. Subsequent corrections
were made after field validation to provide classification accuracy
greater than 95%.

3.3. Classification system for aeolian desertification

In the Zoige Basin, the depositional features are mainly dunes
and sand sheets (Fig. 2). Based on the classification of aeolian
desertification in the arid and semi-arid regions in northern China
(Wang, 2004), the extent of aeolian desertification was graded as
slight, moderate, or severe, depending on the landscape indicators
listed in Table 1.

4. Results and Discussion

4.1. Development of desertification

The five aeolian desertification maps produced from the Landsat
images clearly showed that the degree of aeolian desertification
varied over the 35 years from 1975 to 2010 (Fig. 3). The
Fig. 2. Typical landscape of aeolian desertification in the Zoige Basin
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development of aeolian desertification can be divided into three
phases: increasing (1975–1990), stable (1990–2005), and decreas-
ing (2005–2010). From 1975 to 1990, the total area of aeolian
desertification increased by 2147 km2 at a rate of 143 km2 per year,
while from 2005 to 2010 the total area decreased by 2587 km2 at a
rate of 517 km2 per year. Between 1990 and 2000, however, the
total area of aeolian desertification increased by only 26 km2, and
from 2000 to 2005 it decreased by 67 km2. Over the entire study
period from 1975 to 2010, the total area of desertification
decreased by 482 km2 (the areas of slight, moderate, and severe
desertification decreased by 31, 415, and 36 km2, respectively). It
was also clear from the maps that the change in the total area of
desertified land resulted mainly from the changes to areas affected
by light and moderate desertification; the area of severe desertifi-
cation remained stable at a low level, varying between 152 km2 in
2000 and 99 km2 in 2010 (Fig. 3). This suggests that the Zoige Basin
had substantial recovery of aeolian desertified land.
4.2. Distribution of desertification

Fig. 4 shows the spatial distribution of aeolian desertification in
the study area in 1975, 1990, 2000, 2005 and 2010. The area of aeo-
lian desertified land was the most widely distributed in 2000. At
3211 km2 it accounted for 16.6% of the total land area in the Zoige
Basin. Areas of slight, moderate, and severe aeolian desertification
were 1473 km2 (45.9%), 1586 km2 (49.4%), and 152 km2 (4.7%),
respectively, of the total area of aeolian desertified land. However,
the area of aeolian desertification shrank to 557 km2 in 2010,
: (a) shifting dunes, (b and c) shifting sandy land, (d) bare land.

fluencing factors of aeolian desertification in the Zoige Basin, eastern Qing-
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Fig. 3. The extent of aeolian desertification in 1975, 1990, 2000, 2005, and 2010.
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accounting for only 2.9% of the total land area in the Zoige Basin
(Fig. 4).

Abundant sandy material is one of the preconditions for aeolian
desertification. Geologically, the Zoige Basin is a stable massif that
experienced planation during the Tertiary and relatively slower
uplift than the rest of the Qinghai–Tibetan Plateau during the
Fig. 4. Distribution of aeolian desertification in the Z
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Quaternary, when deep deposits accumulated throughout the bas-
in and resulted in the formation of a block basin.

4.3. Climatic factors

Changes in the mean annual climate in the study area were ana-
lyzed based on meteorological data recorded by the Maqu and
Zoige meteorological stations from 1975 to 2010. The monthly cli-
matic data were also analyzed based on data recorded from 2004
to 2010 at these two stations.

From 1975 to 2010, the mean annual wind speed decreased at a
mean rate of 0.01 and 0.10 m s�1 per decade at the Maqu and Zoige
stations, respectively (Fig. 5). Since increased wind speed is
required to cause increased desertification, these data indicate that
wind speed was not the principal factor responsible for the devel-
opment of aeolian desertification in this region.

The climate in the Zoige Basin tended to become warmer and
drier between 1975 and 2010 (Fig. 6), with the mean annual pre-
cipitation decreasing at an average rate of 17.19 mm per decade.
Decreased precipitation would have affected vegetation growth
and soil moisture retention, thereby increasing aeolian desertifica-
tion. The mean annual temperature increased at an average rate of
0.52 �C per decade, and this increase accelerated during the last
10 years of the study period to a rate of 1.02 �C per decade
(Fig. 6). Both values are much greater than the mean global rate
of increase (0.03–0.06 �C per decade).
oige Basin in 1975, 1990, 2000, 2005, and 2010.

fluencing factors of aeolian desertification in the Zoige Basin, eastern Qing-
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Fig. 5. Changes in the mean annual wind speed between 1975 and 2010 in the
Zoige Basin.
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Against this background of a long-term annual temperature
increase, seasonal variations in climate (Fig. 7) also aggravated
the severity of aeolian desertification in the Zoige Basin. The
monthly precipitation is mainly concentrated between May and
October, accounting for 89.2% of the annual total (610 mm). During
the 6 months from October to April, the mean monthly tem-
perature remains below 0 �C, and from December to February,
the mean monthly temperature generally decreases to below
�5 �C. This dry cold climate leads most vegetation stops growing
or dies. As a result, vegetation cover decreases and the land
becomes vulnerable to wind erosion, although as the soil dries
out, it becomes less resistant to wind erosion. During the spring,
the number of days with a strong wind (i.e., with maximum wind
speed P17 m s�1) reaches its maximum. Although strong winds
only occur on average 18 days per year, a sand-blowing wind
(i.e., average 10-min wind speed P6 m s�1) can occur up to
276 days per year. The combination of a dry, cold, and windy cli-
mate with periods of low vegetation cover promotes wind erosion
and leads to various aeolian desertification landscape forms, such
as sandy land and sand dunes.
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4.4. Anthropogenic factors

A previous study documented that anthropogenic factors, such
as overgrazing and water system drainage, play an important role
in aeolian desertification in the Zoige Basin (Dong et al., 2010).
Although natural factors, such as climatic variations, provide the
background for its development, the range in climatic variations
does not appear to have exceeded the threshold required for aeo-
lian desertification to develop. Human disturbances appear to be
the most important factors responsible for aeolian desertification
in the Zoige Basin. Evidence for this is our observation that degrad-
ed meadows could naturally recover once they had been fenced to
protect them from grazing animals.

The statistical data from Maqu and Zoige county annuals indi-
cate that the total population in the Zoige Basin increased from
72,000 to 130,000 from 1978 to 2010, with a net increase of
57,900 (80.4% of the 1978 population) (Fig. 8). At the same time,
the number of livestock in the basin increased correspondingly
from 1.53 million in 1978 to 2.15 million in 2010, giving a net
increase of 0.62 million (40.5% of the 1978 livestock number).

Human disturbances leading to aeolian desertification in the
Zoige Basin mainly include overgrazing, drainage of water systems,
land reclamation for agriculture, unsustainable collection of medi-
cal herbs and peat, and mining. However, compared with overgraz-
ing and drainage of water systems, the other factors were only
significant in some local areas. Since the 1990s, specific political
countermeasures have been carried out to combat aeolian deserti-
fication; however, the countermeasures of grazing prohibition,
enclosures, and paving straw checkerboard barriers were not
implemented until around 2005, which resulted in a dramatic
recovery of aeolian desertified land from 2005 to 2010.

As the ‘‘tragedy of the commons’’ led to the problem of over-
grazing in common pasture areas throughout the study area in
the 1970s and 1980s, it was necessary to adjust the grazing rights
of local people to prevent further overgrazing (Allsopp et al., 2007).
Since the 1990s, the government has rented grassland to herds-
man-households who could make their own management deci-
sions. In Maqu county, for example, the local government has
invested RMB 65.15 million in environmental protection, including
renting 8300 km2 of grassland, enclosing 1650 km2 of grassland,
planting 133 km2 of artificial grassland, and recovering 2400 km2

of rodent-damaged grassland.
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Fig. 7. Seasonal variations in climate. Strong wind days represent days with a maximum wind speed P17 m s–1; days with sand-blowing wind have an average 10-min wind
speed P6 m s–1. Values represent the long-term mean from 2004 to 2010 at the Zoige and Maqu meteorological stations.
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Furthermore, to protect the main water supply area of the Yel-
low River, the Chinese government has arranged a long-term eco-
environmental protection project that is divided into two phases.
Phase 1, from 2007 to 2010, mainly focused on the protection
and recovery of grasslands and wetlands and included actions such
Please cite this article in press as: Hu, G., et al. The developmental trend and in
hai–Tibet Plateau. Aeolian Research (2015), http://dx.doi.org/10.1016/j.aeolia.2
as stopping artificial drainage and building dams to preserve water.
Phase 2, from 2010 to 2020, mainly focuses on water conservation
and water supply areas and is taking comprehensive countermea-
sures to fully recover the eco-environmental functions of this
region.
fluencing factors of aeolian desertification in the Zoige Basin, eastern Qing-
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5. Conclusions

Remote sensing mapping showed that aeolian desertification
increased in severity between 1975 and 1990, with the area of
desertified land expanding rapidly. By 1990, aeolian desertified
land had spread by 2147 km2, an increase of 207% over the total
area in 1975 at an increased rate of 143 km2 per year. However,
from 2005 to 2010, the area of desertified land decreased by
2587 km2 at a rate of 518 km2 per year.

The climate in the Zoige Basin became warmer and drier
between 1975 and 2010. This combined with anthropogenic fac-
tors, such as overgrazing and drainage of water systems, and a
dry, cold, and windy climate during the winter and spring when
vegetation cover is low promoted wind erosion and led to various
aeolian desertification landscape forms. Following the implemen-
tation of specific countermeasures in 2005, the area of aeolian
desertified land recovered dramatically. Although aeolian desertifi-
cation in the Zoige Basin has received increasing attention in recent
years, the historical movement of the aeolian sandy sediments is
still poorly understood. In future research, we intend to collect pro-
file samples in order to gain a detailed chronology for understand-
ing the timing of aeolian processes and associated environmental
conditions in this region.
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