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Abstract: Aeolian desertification is a kind of land degradation that is characterized by aeolian
activity, resulting from the responses of land ecosystems to climate change and anthropogenic
disturbances. The source areas of the Yangtze and Yellow Rivers are typical regions of China’s Tibetan
Plateau affected by aeolian desertification. We assessed the vulnerability of these areas to aeolian
desertification by combining remote sensing with geographical information system technologies.
We developed an assessment model with eight indicators, whose weights were determined by
the analytical hierarchy process. Employing this model, we analyzed the spatial distribution of
vulnerability to aeolian desertification and its changes from 2000 to 2010, and discuss the implications.
Overall, low-vulnerability land was the most widespread, accounting for 64%, 62%, and 71% of the
total study area in 2000, 2005, and 2010, respectively. The degree of vulnerability showed regional
differences. In the source areas of the Yangtze River, land with high or very high vulnerability
accounted for 17.4% of this sub-region in 2010, versus 2.6% in the source areas of the Yellow River.
In the Zoige Basin, almost all of the land had very low to low vulnerability. To understand the change
in vulnerability to aeolian desertification, we calculated an integrated vulnerability index (IVI).
This analysis indicated that the vulnerability to aeolian desertification increased from 2000 to 2005
(IVI increased from 2.1709 to 2.2463), and decreased from 2005 to 2010 (IVI decreased from 2.2463
to 2.0057). Increasing regional temperatures appear to be primarily responsible for the change in
vulnerability to aeolian desertification throughout the region. The effects of other factors (climatic
variation and human activities) differed among the various sub-regions. The implementation of
the ecological restoration project has achieved a noticeable effect since 2005. Our results provide
empirical support for effort to protect the ecology of this ecologically fragile region.
Keywords: vulnerability; aeolian desertification; remote sensing; GIS; headwaters; Yangtze River;
Yellow River
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1. Introduction
Land degradation, defined as desertification in this paper, is a global environmental problem, and
it is causing political and socio-economic impacts in the world’s arid, semi-arid and dry sub-humid
regions [1]. Aeolian desertification is a major type of desertification characterized by the action of
blowing sand, and results from a combination of climate change with intensive or unsustainable
human activities in areas with a fragile ecological environment [2]. It is typically indicated by the
development of various aeolian landforms such as sand sheets and dune areas [3]. In China, aeolian
desertification is mainly distributed extensively in the arid and semi-arid regions, but is also found in
some dry sub-humid zones; annual precipitation in these areas is usually less than 500 mm [4].
The Tibetan Plateau, which mostly lies at altitudes greater than 3000 m, has a cold climate.
In recent decades, ecological problems on the Tibetan Plateau have attracted increasing attention due
to the combined impacts of global warming and intensifying regional socioeconomic development [5,6].
The Yangtze and Yellow Rivers both originate from the Tibetan Plateau, where the complex topography
produced by a long history of tectonic uplift has led to strong fluvial incision [7]. The source areas of
the Yangtze and Yellow Rivers are of key importance to China’s ecological security, but also strongly
affect the world’s ecological environment. Because of this importance, aeolian desertification in the
source areas is a serious concern. The rapid development of aeolian desertification, accompanied by
the expansion of soil erosion, land degradation, damage to the soil structure, and loss of soil nutrients,
has also had negative consequences for the regional water conservation and supply functions [8].
To combat this aeolian desertification, it is necessary to improve our knowledge of its causes and
consequences and to identify efficient monitoring tools.
Aeolian desertification is exacerbated by a range of predisposing factors, including loose and dry
surface sediments, as well as strong winds, and is frequently aggravated by periodic drought and
intensive human activities. Consideration of these factors requires careful selection of the variables and
indicators that can best be used to assess the current condition and the aeolian desertification processes
leading to changes in that condition, as well as associated effects. Therefore, it is of primary importance
to identify areas that are vulnerable to aeolian desertification and define suitable prevention and
mitigation measures.
In particular, it is necessary to detect sensitive areas by classifying their vulnerability before
they undergo desertification and prioritizing these areas for protection or restoration. The large
area and remote location of the Tibetan Plateau make it impractical to do this based solely on field
surveys. Instead, remote sensing can provide the necessary wide-area data at adequate temporal and
spatial resolutions, and geographic information system (GIS) technology can be used to analyze the
data. This approach has been shown to be cost-effective, time-efficient, and valuable for mapping
the risks of land degradation, and allows an assessment of land degradation, including aeolian
desertification, at local, regional, and even national scales [9–12]. Multi-temporal remote sensing data
allow monitoring of long-term trends and the spatial distribution of land degradation [13]. Especially
in conjunction with GIS, remote sensing can rapidly and accurately identify areas of land degradation
and link them to the physiographic setting [14].
In the present study, our goal was to develop a regional assessment model of the vulnerability to
aeolian desertification of land in the source areas of the Yangtze and Yellow Rivers, which represent
typical alpine environments on the Tibetan Plateau. To do so, we developed a composite index that
integrates natural and anthropogenic factors. We defined the desertification vulnerability index (DVI)
based on eight indicators that represent the impact of key meteorological factors and human pressures
on the ecological environment. We selected these indicators based on internationally recognized
principles for the development of vulnerability indices. The model was implemented with GIS tools to
solve such a multi-criterion problem.
The specific goals of this research are to: (a) develop an evaluation model supported by remote
sensing data and GIS tools; (b) use the analytic hierarchy process (AHP) method to develop appropriate
factor weights to support our model of DVI; (c) identify the areas of highest vulnerability to aeolian
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desertification in the source areas of the Yangtze and Yellow Rivers; and (d) analyze the spatial
distribution of vulnerability to aeolian desertification and its changes between 2000 and 2010 to
estimate the trends and identify the driving forces responsible for these trends.
2. Study Area
2.1. Physiographic Settings
The source areas of the Yangtze and Yellow Rivers provide 25% [15] of the Yangtze River’s
water and 49% [16] of the Yellow River’s water. However, the cold climate in these regions includes
them among the most ecologically vulnerable regions of China. The main economic activity in the
whole region is animal husbandry. Most residents are ethnic Tibetans, and population densities range
from 0.5 to 2 persons per km2 . The whole study area is underlain by extensive areas of high-altitude
frozen ground, as shown in the supplementary materials.
The source areas of the Yangtze River lie between 32˝ 311 N and 35˝ 461 N latitude and
between 90˝ 331 E and 97˝ 441 E longitude (Figure 1a). The highest altitude is 6519 m, the lowest altitude
is 3350 m, and the mean altitude is 4754 m. This region covers an area of 1.42 ˆ 105 km2 and
includes five counties (Qumalai, Zhiduo, Chengduo, Zaduo, and Yushu of Qinghai Province) as well
as Tanggula township of Golmud City. The region is bounded by the Kunlun Mountains to the north,
and by the Tanggula Mountains to the south. Many rivers originate in this region, including the
Chumaer, Beilu, Tuotuo and Dangqu Rivers, among which the Tuotuo River is the origin of the Yangtze
River; its name changes to the Tongtian River after it merges with the Dangqu River. This region
has a cold continental climate without strong seasonal variations or an absolute frost-free season.
Precipitation and temperature both gradually decrease moving from east to west. The mean annual
precipitation is 364 mm, and the mean annual temperature is ´1 ˝ C. The precipitation differs strongly
between the dry and wet seasons, and more than 90% of the total annual precipitation falls from June
through September. The mean annual potential evaporation is 1426 mm. The mean annual hours
of sunshine range from 2200 to 2900 h. The vegetation mainly includes high-altitude cold meadow
and steppe species. Deep, loose deposits of soil, combined with the cold and windy climate, provide
favorable conditions for the development of alpine meadow and steppe soil, which are vulnerable
to desertification.
The source areas of the Yellow River are located between 32˝ 09’N and 36˝ 34’N latitude
and between 95˝ 54’E and 103˝ 24’E longitude, and cover approximately 131,000 km2 and
include 19 counties (Chengduo, Dari, Dulan, Gonghe, Xinghai, Guinan, Tongde, Zeku, Maduo, Henan,
Maqin, Gande, and Jiuzhi of Qinghai Province; Zoige, Aba and Hongyuan of Sichuan Province; and
Maqu, Luqu and Xiahe of Gansu Province). The altitude ranges from 2533 to 6236 m, and the mean
altitude is 4065 m. This region is surrounded by the Bayan Har Mountains to the west, the Minshan
Mountains to the east, and the Longyangxia Reservoir to the north. The mean annual temperature
is 5 ˝ C and the mean annual precipitation ranges from 320 to 750 mm. The precipitation is unevenly
distributed during the year, with much less precipitation in winter and spring, and more than 80%
of the total annual precipitation falls from June through September. The mean annual potential
evaporation ranges from 1200 to 2000 mm. The seasonal temperatures vary only slightly, but there is
a short warm season and a long cold season. The mean annual hours of sunshine range from 2400
to 2800 h. The vegetation is dominated by alpine cold meadow and steppe vegetation. The Zoige
Basin is located in the southeastern part of the Yellow River region, where China’s Sichuan, Gansu,
and Qinghai Provinces meet, and covers an area of 19,400 km2 . Since the Zoige Basin is recognized as a
“natural reservoir” for the Yellow River with nearly 30% of the Yellow River’s total flow originates from
the basin’s wetland [17], it is of significance that we regard Zoige Basin as an independent geographical
unit to study.
The meteorological data used in this work are from China’s national meteorological data sharing
network (http://data.cma.cn).
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River, and in the flat land around lakes. It was mainly characterized by wind erosion of degraded
grasslands and areas where deposition of wind-blown sand has occurred. In the source areas
of the Yellow River, aeolian desertification was distributed primarily in the northwest, southeast,
and northeast (Figure 1b). In the northwest, aeolian desertified lands were located mainly in the wide
valleys of the Yellow River and in the flat areas near lakes, such as Gyaring Lake and Ngoring Lake.
In the southeast, aeolian desertification occurred along the Yellow River and in surrounding areas of
degraded marshlands. In the northeast, aeolian desertification was clustered around the Longyangxia
Reservoir. Among the counties in the source areas of the Yellow River, Maduo, Zoige, Guinan, and
Gonghe Counties were the most severely affected, with desertified land accounting for 35%, 12%, 12%,
and 8% of the total land in these counties, respectively [16].
3. Methods
3.1. Indicator System
The establishment of an indicator system supports an evaluation of the processes that lead to
aeolian desertification. However, lack of agreement on the choice and application of indicators has
been a major handicap in attempts to assess the status and trends of aeolian desertification because
it has led to inconsistent interpretations. The problem is that aeolian desertification is a complex
process, and researchers have identified a range of physical, biological, human, and socio-economic
characteristics of this process that can be used as indicators [19]. Thus, the selection of appropriate
evaluation criteria is an important part of aeolian desertification assessment. In principle, the indicators
should reflect (i.e., be symptoms of) the underlying driving forces that are responsible for aeolian
desertification, and should be reliable, regularly updatable, available at low cost, and readable to cover
large areas at high spatial resolution [20]. Many studies have focused on measuring the vulnerability
by integrating information from the natural and social sciences [21,22]. Based on the abovementioned
principles, attributes of aeolian desertification, and data availability for our study area, we developed
an indicator system to assess the vulnerability of land in the source areas of the two rivers to aeolian
desertification. The system comprised eight key indicators that describe three dimensions of the
underlying processes: exposure, sensitivity, and adaptive capacity (Table 1).
Table 1. Evaluation indicator system for the assessment of vulnerability to aeolian desertification in the
source areas of the Yangtze and Yellow Rivers. Calculation of the weights is described in Section 3.2.
Dimension

Indicator 1

Weight

Relation with Aeolian
Desertification

Exposure

Relief of land surface [23]
Wind erosion climate erosivity [24]
Mean annual temperature

0.0650
0.2235
0.0698

´
+
+

Sensitivity

Vegetation index (NDVI) [25]
Distribution of aeolian desertified land
Distribution of severe aeolian desertified land

0.2048
0.0786
0.1658

+
+

Adaptive capacity

Population density
GDP density

0.1297
0.0628

+
+

1

Distribution, the status of the area with some degree of aeolian desertification; GDP density, the total GDP/km2 ;
NDVI, normalized-difference vegetation index; relief, a comprehensive topographic index defined in Section 3.2;
wind erosion, based on mean monthly wind speed.

We defined exposure as the natural factors that lead directly to the occurrence of aeolian
desertification, which, on the one hand, depend on the level of climate change, and on the other
hand, depend on the environmental characteristics of the region [26,27]. Abundant sandy material is
one of the preconditions for the evolution of aeolian desertification [15]. In geological history, a different
topography unit created by lithosphere tectonics determined the geographical distribution patterns
of aeolian desertification to a certain extent. In the source areas of the Yangtze and Yellow Rivers,
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continuous neotectonic processes enhanced the river’s head-ward erosion and down-cutting erosion,
and then lowered the groundwater level, accelerating the development of aeolian desertification [15].
Relief of land surface was used to present the geographical distribution patterns of the study area
today. The impacts of climate factors on aeolian desertification are not only influenced by the wind,
but also by the combined effects of wind speed, precipitation and temperature [24]. Thus, the wind
erosion climate erosivity indicator was used to represent comprehensive effects of climatic factors on
aeolian desertification. For nearly one thousand years, aeolian desertification, which is distributed
extensively in the arid and semi-arid regions of China, was the obvious response to climate change
characterized by temperature variation [28]. In addition, the whole study area is underlain by extensive
areas of high-altitude frozen ground and some of aeolian desertified lands are distributed in the region
of frozen ground, which is sensitive to temperature. Therefore, it was necessary to select mean
annual temperature.
Sensitivity refers to the factors that respond to various climate scenarios for the region [26,27].
As the main part of the terrestrial ecosystem, vegetation plays the role of an “indicator” in the research
into global change, because it is not only as the bearer of climate change, but also as a generator
of feedback effect on climate change [29]. Especially in the areas prone to the development of
desertification, vegetation coverage generally varied according to the degree of aeolian desertification,
which can be used to monitor desertification. In a large area, vegetation coverage can be directly
estimated by the normalized-difference vegetation index (NDVI). Moreover, the dynamic change
of aeolian desertified land results from natural and anthropogenic disturbances, while the process
of mutual transformation between different types of aeolian desertified land (such as fixed dunes
turned into semi-fixed dunes) reacts on the evolution of natural and social environments as well; e.g.,
an aggravation of aeolian desertification may accelerate surface vegetation destruction and increase
the intensity of sandstorms once wind speed surpasses a certain threshold.
Adaptive capacity reflects the potential human responses to adapt to climate variability and extreme
weather events, to mitigate potential losses, to take advantage of opportunities, or to cope with climate
change, while avoiding disadvantageous behavior, and to allow restoration of a site to its original
state [26,27]. We selected population density and GDP density, since other potentially relevant data
were not available or could not be reliably converted into a raster layer in the GIS. Human disturbances
have contributed to aeolian desertification, including over-grazing and land reclamation for agriculture.
In the source areas of the Yangtze and Yellow Rivers, where economic activity is given priority over
husbandry, the output value of husbandry accounted for more than half of total GDP value. In addition,
with the increase in population and accompanying economic demand, land resources were utilized
excessively and unreasonably, which also can accelerate the development of aeolian desertification.
Hence, GDP and population density were selected to represent the influence of human activities on
vulnerability to aeolian desertification in the study area.
3.2. Assessment Model
We developed a system for indirect estimation of vulnerability to aeolian desertification in the
source areas of the Yangtze and Yellow Rivers using the indicators in Table 1, which describe the impact
of various factors on the vulnerability to aeolian desertification. Figure 2 illustrates the components
of the system and the relationships among them. Initially, the indicators were developed as separate
layers (GIS themes) and they were subsequently assembled in thematic quality layers, with one layer
for each of the eight indicators. Variables were then transformed (normalized) into values ranging
from 0 to 1 (Equation (1) or Equation (2)):
pi “ pxi ´ xmin q { pxmax ´ xmin q

(1)

pi “ pxmax ´ xi q { pxmax ´ xmin q

(2)
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where pi represents the standard value of the indicator for cell i of the grid, xi represents the actual
value for the cell i, and xmax and xmin represent the maximum and minimum values for the indicator
throughout the grid, respectively. We applied Equation (1) to variables that had a positive relationship
Remotevulnerability
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7 of 23
with
to aeolian desertification (Table 1), and applied Equation (2) to variables that had
a
negative relationship with vulnerability to aeolian desertification (Table 1). Whether a relationship
between indicators and vulnerability was positive or negative was based on the conclusions in the
between indicators and vulnerability was positive or negative was based on the conclusions in the
research literature [4,8]. The score of each indicator ranges from 0 (the lowest contribution to the
research literature [4,8]. The score of each indicator ranges from 0 (the lowest contribution to the
vulnerability) to 1 (the highest contribution).
vulnerability) to 1 (the highest contribution).

Figure 2. Illustration of the structure of the system for calculating the vulnerability to aeolian
Figure 2. Illustration of the structure of the system for calculating the vulnerability to aeolian
desertification in the source areas of the Yangtze and Yellow Rivers. AHP, analytic hierarchy process;
desertification in the source areas of the Yangtze and Yellow Rivers. AHP, analytic hierarchy process;
DEM, digital elevation model; NDVI, normalized-difference vegetation index.
DEM, digital elevation model; NDVI, normalized-difference vegetation index.
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E

nn
ÿ

 (peej wwj q)
j

j

(3)
(3)

j =11
j“

where E is the exposure for a given cell in the grid, ej represents the standardized value of indicator j
in that cell, and wj is the corresponding weight of the indicator.
n

S =  ( sk wk )

(4)

k =1

where S is the sensitivity for a cell in the grid, sk represents the standardized value of indicator k in
that cell, and wk is the corresponding weight of the indicator.
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where E is the exposure for a given cell in the grid, ej represents the standardized value of indicator j
in that cell, and wj is the corresponding weight of the indicator.
S“

n
ÿ

psk wk q

(4)

k “1

where S is the sensitivity for a cell in the grid, sk represents the standardized value of indicator k in
that cell, and wk is the corresponding weight of the indicator.
AC “

n
ÿ

pam wm q

(5)

m“1

where AC is the adaptive capacity for a cell in the grid, am represent the standardized value of indicator
m in that cell, and wm is the corresponding weight of the indicator.
DV I “ E ` S ` AC

(6)

where DVI is the vulnerability for a given cell in the grid, and E, S and AC represent exposure,
sensitivity and adaptive capacity, respectively. The higher the DVI value, the greater the vulnerability
to aeolian desertification.
3.3. Vulnerability Index
The result calculated from our DVI model is a continuous value between 0 and 1, and can be
classified into several degrees that represent different levels of vulnerability to aeolian desertification.
To make the categories more objective and logical, we classified the data from 2000 into five categories
using the Jenks natural-break classification method provided by ArcGIS. Natural breaks were selected
as the display method because this method seeks to reduce the variance within classes and maximize
the variance between classes [37]. Based on previous descriptions in the literature [4,38], we defined
the categories as very low, low, moderate, high and very high (Table 2).
Table 2. Degrees of vulnerability to aeolian desertification and the range of DVI values used to
define them.
Vulnerability
Very low

Low

Moderate

High

Very high

Range of DVI Values

Description

0.00–0.24

Stable, with relatively high vegetation cover (>40%)
and high resistance to desertification; no signs of
aeolian desertification

0.24–0.31

Relatively stable, with relatively high vegetation cover
(20% to 40%) and resistance to desertification;
semi-exposed gravel or fixed dunes (sandy land) present
in places. A steppe or desert steppe landscape

0.31–0.38

Somewhat unstable, with relatively low vegetation cover
(10% to 20%) and resistance to desertification; bare
gravel and shifting dunes cover 10% to 30% of the land.
A desert or desert steppe landscape

0.38–0.51

Unstable, with poor resistance to desertification and low
vegetation cover (5% to 10%); semi-shifting dunes (sandy
land) cover 30% to 50% of the land. The inter-dune
depressions show a desert vegetation landscape.

0.51–1.00

Extremely unstable, with poor resistance to
desertification and low vegetation cover (<5%); shifting
dunes (sandy land) cover more than 50% of the area.
A desert vegetation landscape
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3.4. Data
All GIS analysis in this study was performed using version 10.0 of the ArcGIS software
(www.esri.com).
The data required in this study was collected from several statistical databases and from published
information on specific regional projects:
(1) The remote sensing data comprised Landsat Enhanced Thematic Mapper images from 2000
and Landsat Thematic Mapper images from 2005 and 2010, both with a 30-m resolution. We used
the remote sensing images, which had been processed to eliminate data with excessive cloud cover
or with sensor errors. The development of sand sheets and dunes can be clearly recognized at this
scale in remote-sensing images and indicates the presence of aeolian desertification [39]. We selected
images recorded between June and October, when vegetation grew well, because aeolian desertified
lands are more easily recognized during this period. We derived the distribution of aeolian desertified
land in each year by georeferencing the images, mapping the satellite data, data processing (a visually
interactive interpretation method), as well as field validation [8,15,16]. Thematic maps, including land
maps and geomorphologic maps, were used as supplementary data sources. The vector data was
converted into raster layer by means of Conversion Tools in ArcGIS, with output raster 1 km ˆ 1 km.
(2) We used a digital elevation model (DEM) provided by the CGIAR Consortium for
Spatial Information (http://srtm.csi.cgiar.org/), which was 90 m standard map that used the
Krasovsky-1940-Albers projection. The relief degree of the land surface is a comprehensive representation
of the topography, and is calculated as follows [23]:
RDLS “ ALT{1000 ` trMaxpHq ´ MinpHqs ˆ r1 ´ PpAq{Asu {500

(7)

where RDLS represents the relief degree of the land surface; ALT represents the mean elevation at
the center of a given cell in the grid (m), Max(H) and Min(H) represent the highest and the lowest
elevations in the cell (m), respectively; P(A) represents the area of flat land in the cell (km2 ), which
we defined as land with a slope less than 5˝ ; and A represents the total area of the cell. The first three
parameters can be obtained directly by means of neighborhood analysis in the GIS software using the
DEM data. Because we used a 1 km ˆ 1 km grid in our study, A = 1 km2 .
(3) We chose NDVI to represent vegetation cover because it is one of the best-known and most
effective indices [25], and is widely recognized as a suitable proxy for vegetation cover [40–42].
To evaluate the state of vegetation cover and its variations, we used NDVI values at a relatively
coarse spatial resolution (1km) from 2000 and 2010 obtained from the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor. The data set was provided by the Geospatial Data Cloud site,
Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn).
(4) We obtained mean annual temperatures, mean monthly wind speed, and precipitation
from 34 meteorological stations in the study area and surrounding regions from China’s national
meteorological data sharing network (http://data.cma.cn). Using the temperature distribution in 2000,
2005, and 2010, we produced the temperature grid layer by means of Kriging interpolation using
ArcGIS. To quantify the magnitude of wind erosion, we used the model of Dong and Kang (1994),
based on the following equation [24]:
12

C“

˘
‰
1 ÿ 3 “`
ETPq ´ Pq {ETPq d
u
100

(8)

q “1

where C represents the intensity of wind erosion; u represents the mean monthly wind speed at 2 m
above the ground; ETPq represents potential evaporation in month q; Pq represents total precipitation
in month q; and d represents the number of days in month q. The results of this calculation were also
converted into a GIS layer.
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(5) Population and GDP density data products were obtained from Data Center for Resources
and Environmental Sciences, Chinese Academy of Sciences (http://www.resdc.cn), which created
GIS layers for these parameters by means of spatial interpolation based on county-level GDP and
population statistics, with a resolution of 1 km ˆ 1 km.
To georeference all data to the same grid, we transformed the abovementioned data to use the
Albers Equal Conical Area system (Krasovsky ellipsoid) with a central meridian at 105˝ E, latitude of
the origin at 0˝ , double-standard parallel at 25˝ N and 47˝ N, and the Krasovsky-1940 geodetic datum.
3.5. Analysis of Change Trends
To quantify the comprehensive change trends, we developed an integrated vulnerability index
(IVI). IVI is calculated as follows [43]:
IV I “

5
ÿ

Pr ˆ pAr {Sq

(9)

r “1

where r represents the five grades shown in Table 2; IVI is the integrated vulnerability index; Ar is the
area in study area occupied by desertification grade r; S is the area of study area; and Pr is the grade
value of grade r (i.e., very low vulnerability is 1, low vulnerability is 2, moderate vulnerability is 3,
high vulnerability is 4, and very high vulnerability is 5).
4. Results and Discussion
4.1. Vulnerability
Figure 3 shows the results in 2000, 2005, and 2010. In the source areas of the Yangtze and Yellow
Rivers, land with very low or low vulnerability to aeolian desertification was the primary category
in the three periods. Vulnerability was highest in the northwestern source areas of the Yangtze River
and in the northwestern and northeastern source areas of the Yellow River, and these areas were
surrounded by scattered areas of moderate to high vulnerability. In the source areas of the Yangtze
River, the most vulnerable land was mainly distributed along the Chumaer River, Beilu River and the
area where the Dangqu River joins the Tuotuo River, as well as in the flat land around lakes, where
the meandering rivers create rich deposits of loose sandy sediments. In the source areas of the Yellow
River, the most vulnerable land was distributed primarily in the wide valleys of the Yellow River,
in the flat land around lakes such as Gyaring Lake and Ngoring Lake, and around the Longyangxia
Reservoir. In the Zoige Basin, the most vulnerable land was distributed in the northern part of the
basin, mainly in Maqu County and Zoige County.
We also calculate the detailed area and percentage of each vulnerability category over the whole
study area and three sub-regions (Table 3). In the source areas of the Yangtze and Yellow Rivers,
land with very low or low vulnerability to aeolian desertification was widely distributed, accounting
for 64%, 62%, and 71% of the total area in 2000, 2005, and 2010, respectively. Moreover, in the source
area of the Yangtze River, land with low and moderate vulnerability accounted for most of the area,
with 59.6%, 52.7%, and 64.4% of this sub-region in 2000, 2005, and 2010, respectively. In the source
area of the Yellow River, land with very low and low vulnerability was widely distributed, accounting
for 81.8%, 83.7%, and 89.1% in 2000, 2005, and 2010, respectively. In the Zoige Basin, significant areas
of vulnerability to aeolian desertification were found only in the very low, low, moderate, and high
categories in the three periods.
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Table 3. Area and percentage of each vulnerability to aeolian desertification category in 2000, 2005, and 2010 in the whole study area and three sub-regions.

Year

Whole Area

Degree
Area

(km2 )

Percent (%)

Yangtze River
Area

(km2 )

Percent (%)

Yellow River
Area

(km2 )

Zoige Basin

Percent (%)

Area (km2 )

Percent (%)

2000

Very low
Low
Moderate
High
Very high

96,275
79,633
58,255
32,287
6689

35.3
29.2
21.3
11.8
2.4

23,569
41,742
42,769
29,702
4186

16.6
29.4
30.2
20.9
2.9

55,268
36,139
15,462
2439
2503

49.5
32.3
13.8
2.2
2.2

17,438
1751
24
146
0

90.1
9.0
0.1
0.8
0

2005

Very low
Low
Moderate
High
Very high

92,868
76,928
53,534
43,532
6462

33.9
28.2
19.6
15.9
2.4

21,155
35,695
39,055
41,685
4320

14.9
25.2
27.5
29.4
3.0

54,267
39,272
14,465
1727
2142

48.6
35.1
12.9
1.5
1.9

17,264
1961
14
120
0

89.2
10.1
0.1
0.6
0

2010

Very low
Low
Moderate
High
Very high

95,985
97,662
52,344
24,220
3489

35.1
35.7
19.1
8.8
1.3

25,877
48,604
43,100
23,530
1234

18.2
34.1
30.3
16.5
0.9

50,846
48,971
9243
678
2255

45.4
43.7
8.3
0.6
2.0

19,262
87
1
12
0

99.5
0.4
0
0.1
0
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Variation of IVI
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Region

2000
Source areas of theRegion
Yangtze River
2.6422
2000
Source
areas
of
the
Yellow
River
Source areas of the Yangtze River1.7548
2.6422
The Zoige
Basin
Source
areas of
the Yellow River 1.1156
1.7548
The whole study area
2.1709
The Zoige Basin
The whole study area

1.1156
2.1709

2005

IVI
2.8038
2005
1.7335
2.8038
1.1213
1.7335
2.2463
1.1213
2.2463

2010
2.4776
2010
1.7009
2.4776
1.0069
1.7009
2.0057
1.0069
2.0057

2000–2005

2005–2010

Variation of IVI
0.1616 2005–2010
´0.3262
2000–2005
´0.0213
´0.0326
0.1616
−0.3262
0.0057
´0.1144
−0.0213
−0.0326
0.0754
´0.2406
0.0057
−0.1144
0.0754
−0.2406
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Figure 4. Areas in the different vulnerability to desertification classes (defined in Table 2) in 2000,

Figure 4. Areas in the different vulnerability to desertification classes (defined in Table 2) in 2000, 2005,
2005, and 2010 in: (a) the source areas of the Yangtze and the Yellow Rivers and of the Zoige Basin
and 2010 in: (a) the source areas of the Yangtze and the Yellow Rivers and of the Zoige Basin combined;
(b) the source areas of the Yangtze River; (c) the source areas of the Yellow River; and (d) the Zoige
Basin. Note that the y-axis in (a) differs greatly from that in the other graphs.
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In the source areas of the Yangtze River, the areas with very low, low, and moderate vulnerability
decreased by 1.7%, 4.2%, and 2.7%, respectively (Table 3). At the same time, the areas with high
and very high vulnerability increased by 8.5% and 0.1%, respectively. This suggests that areas of
desertified land with very low, low, and moderate vulnerability are likely to gradually convert into
land with high or very high vulnerability, leading to overall increasing vulnerability of this sub-region.
From 2005 to 2010, the areas with very low, low and moderate vulnerability increased by 3.3%, 8.9%,
and 2.8%, respectively, and the areas with high and very high vulnerability decreased by 12.9%
and 2.1%, respectively (Table 3). We believe that the decrease in the area with high vulnerability
largely contributed to the overall decreasing vulnerability of the source areas of the Yangtze River
between 2005 and 2010, as shown in Table 4.
In the source areas of the Yellow River, the areas of very low, moderate, high, and very high
vulnerability decreased by 0.9%, 0.9%, 0.7% and 0.3%, respectively, whereas the area with low
vulnerability increased by 2.8% between 2000 and 2005 (Table 3). In contrast with the trend for
the source areas of the Yangtze River, the area of land with the most serious vulnerability decreased
slightly during this period in the source areas of the Yellow River. This suggests a certain decrease in the
vulnerability to aeolian desertification in the source areas of the Yellow River between 2000 and 2005.
Between 2005 and 2010, the areas with moderate and high vulnerability showed a small decrease,
by 4.6% and 0.9%, respectively, and the areas with very low, low and very high vulnerability increased,
by 3.2%, 8.6%, and 0.1%, respectively (Table 3), leading to continuous decrease in vulnerability of
this sub-region.
On the other hand, in the Zoige Basin, between 2000 and 2005, the area of land with very low
and high vulnerability decreased slightly, by 0.9% and 0.2%, respectively, and the area with low
vulnerability increased slightly, by 1.1% (Table 3). Thus the vulnerability to aeolian desertification
remained relatively stable between 2000 and 2005. The reason may be that fixed dunes (sands) and
semi-fixed dunes (sands) are the main desertification features in the landscape of the Zoige Basin, and
the area of aeolian desertification decreased slightly from 2000 to 2005 [17]. Between 2005 and 2010,
the areas with low, moderate, and high vulnerability decreased by 9.7%, 0.1%, and 0.5%, respectively,
and the area with very low vulnerability increased substantially, by 10.3% (Table 3), contributing to the
decrease in vulnerability of the Zoige Basin during this period. The reason may be that the area of
aeolian desertification decreased sharply between 2005 and 2010 [17].
The change in vulnerability can be analyzed by subtracting DVI in 2000 from DVI in 2005, and 2005
from 2010; positive and negative values indicate increased and decreased vulnerability, respectively.
We mapped the spatial distribution of DVI trends during the study period. Figure 5 shows the spatial
distribution of the changes in vulnerability (DVI) to aeolian desertification between 2000 and 2005
(Figure 5a), and between 2005 and 2010 (Figure 5b). From 2000 to 2005, the changes in vulnerability
(DVI) to aeolian desertification in most of the study area were positive. In the source areas of the
Yangtze River, a slight increase in vulnerability occurred in most of the region, and vulnerability
values decreased slightly in the river valleys, especially along the Chumaer and Tuotuo Rivers.
In the source areas of the Yellow River, areas with a slight decrease in vulnerability were distributed in
the northwestern and northeastern parts of this sub-region, primarily in Gonghe, Xinghai, Guinan,
and Tongde Counties, and parts of Maduo County. In the Zoige Basin, the northern and southern parts
of the region show a slight decrease in vulnerability to aeolian desertification. In contrast, from 2005
to 2010, the changes in vulnerability (DVI) to aeolian desertification in most of the study area were
negative. In the source areas of the Yangtze River, a slight decrease in vulnerability occurred in most of
the region, while a slight increase in vulnerability was distributed mainly in the eastern part of this
sub-region. At the same time, a few areas showed a moderate increase in vulnerability, especially
along the Beilu, Chumaer, and Tongtian Rivers. In the source area of the Yellow River, a slight increase
in vulnerability was distributed across the western and middle part of the region. Among these,
increasing vulnerability shows moderate and high in a few areas of Maduo County. In the Zoige Basin,
the northern part of the region shows a slight decrease in vulnerability to aeolian desertification.
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Decreased wind speed is conducive to a reversal of aeolian desertification because it reduces the
Decreased wind speed is conducive to a reversal of aeolian desertification because it reduces
erosive force on the soil. The annual mean wind speed in the study area has shown an overall
the erosive force on the soil. The annual mean wind speed in the study−1area has shown an overall
decreasing trend between 1970 and 2010 (Figure 6b), at a rate of 0.15 m·s ´per
decade. Moreover, the
decreasing trend between 1970 and 2010 (Figure 6b), at a rate of
0.15 m¨s 1 per decade. Moreover,
annual mean wind speed increased with average rate of 0.15 m·s−1 per decade
between
2000 and 2010.
the annual mean wind speed increased with average rate of 0.15 m¨s´1 per decade between 2000
The increase in precipitation would benefit vegetation growth and soil moisture retention, thereby
and 2010.
reducing the occurrence of aeolian desertification. Previous studies documented that the response of
The increase in precipitation would benefit vegetation growth and soil moisture retention, thereby
aeolian desertification to precipitation has a time lag [46], which was mainly reflected in the response
reducing the occurrence of aeolian desertification. Previous studies documented that the response of
of vegetation coverage to precipitation [29]. In the whole study area, the mean annual precipitation has
aeolian desertification to precipitation has a time lag [46], which was mainly reflected in the response
shown a generally feeble decrease between 1970 and 2010 (Figure 6a), with an average rate of 0.69 mm
of vegetation coverage to precipitation [29]. In the whole study area, the mean annual precipitation has
per decade. However, between 2000 and 2010, the mean annual precipitation increased perceptibly,
shown a generally feeble decrease between 1970 and 2010 (Figure 6a), with an average rate of 0.69 mm
with an average rate of 96.76 mm per decade.
per decade. However, between 2000 and 2010, the mean annual precipitation increased perceptibly,
Although natural factors, such as climate variations, provide the background for the development
with an average rate of 96.76 mm per decade.
of aeolian desertification, human disturbance appears to be an important factor responsible for changes
Although natural factors, such as climate variations, provide the background for the development
of vulnerability to aeolian desertification in the source areas of the Yangtze and Yellow Rivers. The
of aeolian desertification, human disturbance appears to be an important factor responsible
for
statistical data indicate that the total population in the whole areas increased from 7.87 × 105 to 9.97 ×
changes
of
vulnerability
to
aeolian
desertification
in
the
source
areas
of
the
Yangtze
and
Yellow
Rivers.
105 from 2000 to 2010 (26.7% of the 2000 population) (Figure 6c). At the same time, the number of
The statistical data indicate that the total population in the whole areas increased from 7.87 ˆ 105
livestock in the source region increased correspondingly from 11.71 million in 2000 to 12.8 million in
to 9.97 ˆ 105 from 2000 to 2010 (26.7% of the 2000 population) (Figure 6c). At the same time, the number
2010, including a considerable increase before 2008 and then a slight decrease after 2008 (Figure 6c).
To further understand the causes of variation in the vulnerability to aeolian desertification, it is
necessary to discuss the dominant factors that affected this vulnerability in the three sub-regions of
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Regional meteorological data show that the mean annual wind speed decreased at a mean rate
Regional meteorological data show that the mean annual wind speed decreased at a mean rate of 0.24
of 0.24−1m¨s´1 per decade from 1970 to 2010 (Figure 7b), mean annual precipitation increased at an
m·s per decade from 1970 to 2010 (Figure 7b), mean annual precipitation increased at an average
average rate of 5.14 mm per decade (Figure 7a), and the mean annual temperature increased at an
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decade (Figure 7a), and the mean annual temperature increased at an average
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from 2000 to 2010. However, in some parts of the area, the change trend was complicated. Natural
factors, such as climate variations, may have resulted in a risk of aeolian desertification; however,
human disturbances have also contributed to the desertification in this sub-region. From 1970 to 2010,
the mean annual temperature increased at an average rate of 0.54 °C per decade, the mean annual
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In the source areas of the Yellow River, overall vulnerability to aeolian desertification decreased
from 2000 to 2010. However, in some parts of the area, the change trend was complicated. Natural
factors, such as climate variations, may have resulted in a risk of aeolian desertification; however,
human disturbances have also contributed to the desertification in this sub-region. From 1970 to 2010,
the mean annual temperature increased at an average rate of 0.54 ˝ C per decade, the mean annual
precipitation increased at an average of 3.3 mm per decade (Figure 8a), and the annual wind speed
decreased at an average rate of 0.02 m¨s´1 per decade (Figure 8c) in Gonghe County (in the east).
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Figure 8. Changes in mean annual temperature and precipitation in Gonghe (a) and Maduo (b);
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In the Zoige Basin, the area of land with low vulnerability increased slightly between 2000 and
2005, and decreased between 2005 and 2010. Most of the land had either very low or low vulnerability.
Here, the mean annual precipitation is greater than 600 mm, so precipitation is unlikely to be a key
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We have known that between 2000 and 2005, the vulnerability in three sub-regions showed
different variation trends. However, the vulnerability over the whole study area decreased between
2005 and 2010. We believe the influence resulting from climate factors has existed since 2000, while
over the recent decade, anthropogenic activities exerted an important effect on restoration. The
implementation of ecological restoration has gradually achieved a significant effect since 2005, which
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We have known that between 2000 and 2005, the vulnerability in three sub-regions showed
different variation trends. However, the vulnerability over the whole study area decreased between
2005 and 2010. We believe the influence resulting from climate factors has existed since 2000,
while over the recent decade, anthropogenic activities exerted an important effect on restoration.
The implementation of ecological restoration has gradually achieved a significant effect since 2005,
which plays a significant role in decreasing the vulnerability to aeolian desertification. The source
areas of the Yangtze and Yellow Rivers were determined to be national nature reserve areas in 2003,
and preparation for ecology restoration and construction in the study area was completed at the same
time. In 2005, protection measures, including returning grazing land to grassland, were formally
carried out. Through the ecological migration and measures to reduce livestock, the number of
livestock in three sub-regions decreased perceptibly since 2007 (Figure 6c), which reduced the pressure
of grassland animal husbandry [51]. Moreover, in the Zoige Basin, 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 desertification land between 2005 and 2010 [17].
We speculate that vulnerability to aeolian desertification would continuously decrease over the
whole study area in the future, which is mainly attributed to the warm-wet climate change and the
continuously intensive implementation of ecological protection projects.
5. Conclusions
In this case study, we assessed the vulnerability to aeolian desertification in the source areas
of the Yangtze and Yellow Rivers, using a system of indicators that accounted for both natural and
anthropogenic factors. We then examined the changes in this vulnerability from 2000 and 2010 for the
area as a whole as well as for the sub-regions.
We found that in this fragile, vulnerable environment, a large part of the area is highly vulnerable
to aeolian desertification, although land with only very low or low vulnerability was the dominant
vulnerability category. Land with the highest vulnerability is concentrated in the northwestern
part of the source areas of the Yangtze River and the northwestern and northeastern parts of the
source areas of the Yellow River, so decision-makers must prioritize these areas for protection and
ecological restoration. Although the overall trend from 2000 to 2005 shows an increase in vulnerability,
the increase was relatively small, suggesting that vulnerability remained largely stable for the overall
study area. However, only the source areas of the Yellow River showed a decrease in vulnerability,
and the trends in specific areas (e.g., river valleys and the flat areas around lakes) reveal important
vulnerabilities that are not visible based only on the overall values for each sub-region. Moreover,
the overall trend from 2005 to 2010 shows a decrease in vulnerability, and the same trend in the three
sub-regions, while land with high vulnerability to aeolian desertification existed in some areas during
this period.
The driving forces responsible for the observed changes in vulnerability differed among the
sub-regions. In some areas, climatic factors (primarily a trend of rising temperatures) were the
dominant factor; in others, human activities (primarily overgrazing and drainage of marshes) were
the dominant factors, or a combination of climatic and human factors caused the trend. Because of
the large areas of permanently or seasonally frozen ground in the study area, rising temperatures that
increase thawing are a particular concern, both because they cannot be prevented and because their
effects will be exacerbated by the effects of human activities. Thus, human activities must be managed
particularly carefully in these areas. Since 2005, the implementation of the ecological restoration
projects in the source areas of the Yangtze and Yellow Rivers has achieved a noticeable effect, which is
reflected by the decreasing number of livestock and vulnerability over the whole study area.
In conclusion, it is necessary to take measures continuously to decrease the vulnerability of this
ecologically fragile region to aeolian desertification, since it will take much longer than in less fragile
areas to reverse aeolian desertification once it occurs. In future research, we will examine changes
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in desertification in 2015 and later to determine how well the vulnerability values calculated in the
present study predicted subsequent changes in desertification severity.
Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/8/8/626/s1;
Figure S1: Distribution of permafrost in the study area.
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