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Abstract Aeolian desertification is one of the most
serious environmental and socioeconomic problems in
arid, semi-arid, and dry subhumid zones. Understanding
desertification processes and causes is important to pro-
vide reasonable and effective control measures for
preventing desertification. With satellite remote sensing
images as data source to assess the temporal and spatial
dynamics of desertification from 1975 to 2010 in the
Horqin Sandy Land, dynamic changes of aeolian desert-
ification were detected using the human—machine inter-
active interpretation method. The driving factors of local
desertification were analyzed based on natural and so-
cioeconomic data. The results show that aeolian
desertified land in the study area covered 30,199 km?
in 2010, accounting for 24.1 % of the study area. The
total area of aeolian desertified land obviously expanded
from 30,884 km? in 1975 to 32,071 km?® in 1990, and
gradually decreased to 30,199 km? in 2010; aeolian
desertified land represented an increasing trend firstly
and then decreased. During the past 35 years, the gravity
centers of desertified lands that are classified as extreme-
ly severe and severe generally migrated to the northeast,
whereas those that are moderate and slight migrated to
the northwest. The migration distance of severely
desertified land was the largest, which indicated the
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southern desertified lands were improved during the last
few decades. In addition, the climatic variation in the
past 35 years has been favorable to desertification in the
Horgin Sandy Land. Aeolian desertified land rapidly
expanded from 1975 to 1990 under the combined effects
of climate changes and unreasonable human activities.
After the 1990s, the main driving factors responsible for
the decrease in desertification were positive human ac-
tivities, such as the series of antidesertification and
ecological restoration projects.

Keywords Aeolian desertification - Remote sensing -
Climate change - Human activities - Horqin Sandy Land

Introduction

Acolian desertification can be defined as a land degra-
dation process that occurs in arid, semi-arid, and dry
subhumid regions, as a result of various factors, includ-
ing climate change and unsustainable human activities
(UNEP 1994; Wang and Zhu 2003; Wang et al. 2012;
Gad and Abdel-Samie 2000; Huang and Siegert 2006).
It is one of the most serious environmental and socio-
economic problems currently observed especially in
arid, semi-arid, and dry subhumid zones. In these zones,
aeolian desertification destroys land resources, reduces
ecosystem productivity, depresses ecosystem services,
and exacerbates poverty. It also induces the instability of
political systems in many developing countries. China is
one of the more seriously affected countries by the
hazard of aeolian desertification. The occurrence and
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development of aeolian desertification causes serious
harm to the ecological environment, the natural re-
sources, the socioeconomic activities, and the people’s
lives in China’s vast desert areas (Li et al. 2007a;
Zhang et al. 2012; Runnstrom 2000; Michael and David
1994).

Wind erosion has expanded desertification rapidly
throughout northern China in the past 50 years. Wang
et al. (2004a) monitored and assessed the dynamic
change process of aeolian desertification using remote
sensing and field investigation. Their results showed
that (1) the area of aeolian desertified land developed
at an increasing rate of 1,560 km?® year ' from the late
1950s to the mid-1970s, and the average annual increas-
ing rate reached 2,100 km” year ' from 1976 to 1988
and 3,600 km? year ' from 1988 to 2000; (2) aeolian
desertified land has been under accelerated development
during the last 50 years; and (3) the area of aeolian
desertified land expanded to 38.57x10* km? by the
end of 2000 in northern China. The area of aeolian
desertified land decreased at the rate of
1,280 km? year ' after 2000, which was reduced to
37.59x10* km? by the end of 2010 (Wang et al.
2011). Although the desertification showed a reverse
trend after 2000, the desertification situation remains
severe in northern China.

The Horqin Sandy Land is a typical agropastoral
transitional zone and is an ecologically fragile region
in northern China. As one of the four larger sandy lands
and the most seriously desertified areas in China, it is
also a typical area of the sandstorm source control
project around the Beijing—Tianjin region. In the recent
50 years, desertification rapidly aggravated in the
Horqin Sandy Land because of increasing drought and
irresponsible human activities, such as over-reclaiming,
overgrazing, and overcutting (Wu 2003; Chang et al.
2003). Wang et al. (2004b) showed that the fast desert-
ification expansion occurred between the late 1950s and
the mid-1970s and the continuous increase between the
mid-1970s and the late 1980s. However, desertification
showed a reverse trend in the 1990s. Although the trend
of desertification exacerbation has been controlled, and
the desertification area has been gradually reduced, the
desertification status remains severe in 2000. In some
regions, the desertification process and its causes still
need to be continually given higher attention. However,
few studies have provided integrated assessments on the
spatial and temporal dynamics as well as the driving
forces of desertification in the Horqin Sandy Land after
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2000. Therefore, continuous monitoring for the desert-
ification dynamic process is particularly important in the
following decades in this region.

Multitemporal remote-sensing data are the perfect
source for extracting spatially and temporally explicit
information that can be used to monitor and assess
regions threatened by aeolian desertification (Gao and
Liu 2010; Hostert et al. 2001; Yan et al. 2009). High-
resolution satellite images provide unique opportunities
to study long-term environmental changes with high
monitoring frequency and to cover areas appropriate
for monitoring the environment in a large geographic
zone (Runnstrom 2003; Yan et al. 2007; Dawelbait and
Morari 2012). Several previous studies have investigat-
ed the temporal and spatial changes of desertification on
different scales using multispectral satellite imagery,
such as Landsat Multispectral Scanner (MSS),
Thematic Mapper (TM), and Enhanced Thematic
Mapper (ETM) images (Liu et al. 2008; Li et al. 2007b).

This paper aims (1) to monitor the spatiotemporal
patterns and dynamics of aeolian desertification with
Landsat MSS, TM, and ETM data from 1975 to 2010
in the Horqin Sandy Land and (2) to elucidate the
driving force of aeolian desertification and its sensitivity
to climate change and human activities. The results will
help regional managers to comprehend the complex
desertification process and its dynamic mechanisms.
Further, the results aim to provide useful information
in controlling and managing desertification in this
region.

Materials and Methods
Study area

The Horqin Sandy Land is located in the western part of
the Northeast Plain, in the transition zone between the
Inner Mongolian Plateau and the Northeast Plain in
China. The study area extends from east of Qilaotu (in
the Yanshan mountains) to west of the Songliao Plain
and from south of the Nuluerhu Mountains to north of
the Daxinganling Mountains (41° 41'-46° 05" N, and
117° 49'-123° 42" E), with an approximate area of
12.51x10* km? (Fig. 1). It belongs to the semi-arid
continental monsoon climate in the temperature zone
(Du et al. 2009; Li et al. 2003; Li et al. 2004). The
annual mean temperature is about 3—-7 °C, and the mean
annual precipitation is about 350-500 mm. The annual
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Fig. 1 Sketch map of the study area

potential evaporation ranges from 1,500-2,500 mm,
which is more than five times that of the mean annual
precipitation. The mean annual wind velocity is 3.4—
44ms ", and the prevailing wind directions are north-
west in winter and spring, southwest to south in summer
and autumn (Ren et al. 2004; Zhao et al. 2000; Liu et al.
2009). The days of threshold wind velocity for sand
movement (>5 m s ') is seen in about 210-310 days
per year (mainly in spring and in winter). Gales (wind
velocity >17 ms™") occur 25-40 days per year, and sand
dust storms occur about 10-15 days per year, mostly in
spring (Zhang et al. 2004; Li et al. 2009).

Zonal soils are primarily chestnut soil, chernozem,
and chestnut cinnamon soil. Due to the impact of acolian
desertification, however, a large part of the soil has been
degraded to aeolian sandy soil (Wang 2011). The native
vegetation is the special sparse-tree grassland. Due to
human destruction and aeolian desertification, most of
the original vegetation has evolved to be sandy vegeta-
tion at different degradation stages over the past several
decades (Zhao et al. 2009; Li et al. 2002). Under the

M4°N
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impact of strong winds, the study area is vulnerable to
threats of sand dust storms and desertification.

Data and processing

The remote-sensing data used in this study included 80
scenes (20 scenes from each period) of four sets of
Landsat MSS and TM/ETM remote sensing data in
1975, 1990, 2000, and 2010. The remote sensing data
used in 1990 and 2010 were TM images, and those used
in 2000 were ETM images with spatial resolution of
30 m. MSS images were mainly acquired in 1975 with
spatial resolution of 79 m. The principle of selecting
images mainly includes two aspects. One is imaging
time. July to September is the most suitable period for
the research. During these months, vegetation grows
more abundantly, making the distinction between aco-
lian desertified land and other land use types easy. The
other aspect is the presence of clouds. The selected
images must have less than 10 % cloud coverage, so
that they are conducive to identification and extraction
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of desertification information. The data used in this
study mainly came from the site http://glovis.usgs.
gov/. Obtaining cloud-free images that cover the entire
study area within a given year was difficult because of
the large geographical area covered by the region under
investigation. Consequently, some images from previ-
ous or subsequent years were chosen to replace unsuit-
able images. In addition to the remote-sensing data,
ancillary materials, such as climatic zone data, vegeta-
tion maps, land cover maps, topographic maps, and field
survey reports, were used as supplementary data sources
to assist in labeling the degree of desertification in each
mapped area during the interpretation process.

The images were georeferenced to the Albers Equal
Area Conic coordinate system using 30 to 40 ground
control points based on 1:100,000 scale topographic
maps, using the nearest-neighbor resampling approach.
The root mean square error was less than one pixel,
which is sufficient for multitemporal comparisons.
Landsat images were combined with synthesized image
band colors (TM4 (R), 3 (G), 2 (B)) for different scenes
along the same path. They were used to identify specific
physical attributes directly, and they may be easily
interpreted for aeolian desertified land. The relationship
between surface desertified land features of different
degrees and desertification types of the remote-sensing
images was established using a portable global position-
ing system (GPS) receiver. On the other hand, the inter-
pretation marks of aeolian desertified land were
established.

The human—computer interactive visual interpreta-
tion is one of the most popular information extraction
methods, which based on the frechand drawing assis-
tance of the ArcMap 9.3 software to obtain desertifica-
tion information. According to the established interpre-
tation marks and the geography comprehensive analysis
method, the aeolian desertified land vector databases of
different periods were acquired, topology relationship
was established, and error correction was accomplished
in an Arclnfo 9.3 environment.

After interpretation, we performed field verification
on the results from August 7 to September 3, 2011, to
ensure accuracy of the results. After verification, we
used 120 random samples to assess accuracy. The over-
all accuracy was greater than 95 %, which satisfies
research requirements. If the overall accuracy did not
satisfy the mapping standards, the map was corrected
and rechecked until the mapping accuracy reached the
mapping principles. To reveal the change trends and the
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characteristics of aeolian desertified land, we used the
overlay analysis module of ArcGIS in obtaining the
dynamic patches.

The meteorological data used in this study came from
China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn/), According to observations
from local meteorological stations, the wind speed,
temperature, and precipitation data recorded at six
stations are the typical factors that affect the climate in
the study region from 1970 to 2010. Using the average
value from the six stations, we studied and analyzed the
climatic overall change trends in the past 40 years.

Since the wider scope of the study area, it is difficult
to acquire the statistical data of each county in the recent
40 years. Therefore, we selected six typical counties to
analyze the causes of desertification by screening
statistics.

Classification system for desertification

The classification system for desertified land is an ob-
jective reflection of the extent of land degradation in
regions where desertification occurred. Establishing a
scientific classification system for desertified land is the
key to monitor the dynamic changes during desertifica-
tion (Zhang et al. 2009). The proportion of mobile sand
dunes or wind-eroded lands accounts for the total area,
and the vegetation coverage and surface landscape can
visually reflect the desertification status. Referring to the
existing classification observable characteristics of land
desertification in the Horqin Sand Land in previous
studies (Wu 2001; Han et al. 2010), we adopted the
three criteria above to define the acolian desertification
intensities as slight, moderate, severe, and extremely
severe (Table 1 and Fig. 2). At the same time, based
on the judging characteristics (such as tone or color,
shadow, size, shape, texture, site, and association) of
different acolian desertification types in the remote sens-
ing image, the landscape of the aeolian desertified land
is divided into three categories according to cause of
aeolian desertification (Wang et al. 2008; Han et al.
2010): (1) dune reactivation or shifting sand intrusion,
(2) shrub encroachment desertification, and (3) non-
irrigated farmland desertification (Table 1).

Desertified land center of gravity migration model

With reference to the distribution principle of population
gravity center in demographic geography, relevant
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Table 1 Classification system of aeolian desertification by remote-sensing monitoring in the Horqin Sandy Land

Desertification Area of mobile Vegetation Desertification types

cover
(% of total Dune reactivation or
area)

shifting sand intrusion

Shrub encroachment
desertification

Non-irrigated farmland
desertification

intensity sand dunes or
wind eroded
lands (% of
total area)

Slight <5

Moderate 5-25

Severe 25-50

Extremely >50

severe

>60 Wind erosion pits

emerge on the

windward slope of
dunes; shifting sand
show a punctuated

distribution
Erosion and deposit

slopes emerge

obviously

30-60

10-30
flow state

<10 Mobile sand dunes

Sandy land becomes a

Vegetation is predominantly
shrubs; sand begin to deposit
under the shrub

Shrub cannot cover the sand
piles wholly; shifting sands
emerge on the windward side
of'the shrub; floating sand and
sandy gravel emerge among
the sand piles

Vegetation is sparse with little
shrub presence; most of the
shrubs are dead

Mobile sand and sand ripples

A little sand deposit and evident
wind erosion marks emerge
on the ridges of the farmland
in spring

Small pieces of shifting sand
emerge on the loess
farmland; the thickness of
the humus layer was eroded
by more than 50 %

The humus layer of farmland is
nearly eroded out; calcium
lamination and parent
material come out; farmlands
are largely abandoned

Flat sand or gravelly sand

scholars introduced the center of gravity migration mod-
el in research on farmland, soil erosion, land use, and
economic and demographic change to analyze the

% o

—

spatial characteristics of land use change and human
activities (Gao et al. 1998; Wulantuya 2000; Huang
et al. 2006). The centroid migration of desertified land

Fig. 2 Landsat image features of different desertification intensity in the Horqin Sandy Land (a—d correspond to the types of desertification
intensity in Table 1; a slight desertified land, b moderate desertified land, ¢ severe desertified land, and d extremely severe desertified land)
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is a major aspect of the study of desertification spatial
changes (Bao et al. 1998; Jia and Chang 2007). In this
paper, the center of gravity migration model was used to
calculate the centroid coordinate of different degrees of
desertified land and to describe the overall change trends
and spatial variation characteristics of different degrees
of desertified land through migration direction and
distance of centroids. The formula for the model was
described by Wang and Bao (1999) as follows:

n n

Xt:Z (CtiXXﬁ)/zl: Ci (1)

i=1 i=

n

Y,:Z(C,ixY,i)/an: Cii (2)

i=1

where X; and ¥, are the latitude and longitude centroids
of the desertified land in year ¢, respectively; n is the
number of patches of the desertified land; C;; is the patch
area of landscape 7 in year #; and X;; and Y}; are the
latitude and longitude centroids of landscape i,
respectively.

Results and discussion

Current status and spatial distribution of aeolian
desertified land

The current status and spatial distribution characteristics
of aeolian desertified land were analyzed using the
monitoring results in 2010. The total area of acolian
desertified land was 30,199 km? in 2010, which
accounted for 24.1 % of the total area. The areas of
desertified lands according to the categories of slight,
moderate, severe, and extremely severe were 13,318,
8,066, 6,223, and 2,592 km?, respectively (Table 2),
accounting for 44.1, 26.7, 20.6, and 8.6 % of the
desertified land in the study area, respectively. Slight
desertified land is the most widely distributed type. The
desertification area gradually decreased from slight to
extremely severe. Figure 3 shows the spatial distribution
of the aeolian desertified land in the Horqin Sandy
Land in 2010. Slight and moderate desertified lands
were mainly distributed over the mid-eastern regions.
Severely desertified land was fragmented and was main-
ly distributed over Ongniud Qi and Horqin Zouyi
Hougqi. Finally, extremely severe desertified land was
continuously distributed over the mid-eastern part of
Ongniud Qi and the northwest region of Naiman Qi,
located on both sides of the Laoha River, the area of

Table 2 Area of aeolian desertified land in the Horqin Sandy Land in 2010

Area Monitoring  Extremely Severe (km®) Moderate (km®)  Slight (km?) Total (km®) Percentage of the
area (km?)  severe (km?) monitoring area

Aohan Qi 8,299 48 86 255 337 726 8.8

Ar Horqin Qi 12,872 20 470 873 545 1,908 14.8

Bairin Youqi 9,838 71 280 460 463 1,274 13.0

Bairin Zouqi 6,416 0 3 3 17 23 0.4

Kailu 4,267 8 160 365 900 1,433 33.6

Hure Qi 4,649 143 350 409 844 1,746 37.6

Horgin Youyi Zhongqi 12,116 5 495 955 1,935 3,390 28.0

Horgqin Zouyi Houqi 11,632 198 1,104 1,288 3,241 5,831 50.1

Horqin Zouyi Zhongqi 9,527 148 804 485 1,714 3,151 33.1

Naiman Qi 8,201 310 746 1,322 1,462 3,840 46.8

Tongliao 3,411 5 31 85 278 399 11.7

Ongniud Qi 11,897 1,594 1,163 850 867 4,474 37.6

Jarud Qi 16,554 42 489 670 678 1,879 114
Huolinguole 695 0 33 29 12 74 10.7

Tuquan 4,706 0 9 17 25 51 1.1

Total 125,080 2,592 6,223 8,066 13,318 30,199 24.1
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Fig. 3 Spatial distribution map of aeolian desertified land in the Horqin Sandy Land in 2010

which accounted for 73.5 % of the total extremely
severe desertified land in this region. The extent of the
aeolian desertified lands in the midwestern region is
much smaller than that in the mid-eastern region, but
the severity of desertification was higher than that in the
mid-eastern region.

Dynamics of aeolian desertified land from 1975 to 2010

During the past 35 years (from 1975 to 2010), the area
of aeolian desertified land in the Horgin Sandy Land
increased from 1975 to 1990 and then gradually de-
creased from 1990 to 2010 (Table 3). The total area of
aeolian desertified lands in 1975, 1990, 2000, and 2010
was 30,884, 32,071, 31,762, and 30,199 km?, respec-
tively, accounting for 24.7, 25.6, 25.4, and 24.1 % of the
total area, respectively. Aeolian desertified land obvi-
ously expanded from 1975 to 1990. The average annual
rate of linear increase was 79.1 km? year ' during this
period. In addition to slight desertified land, other types
expanded to different degrees. The area under extremely

severe desertification increased faster than that of any
other types during this period.

Since 1990, the area of desertified land has gradually
decreased. From 1990 to 2000, desertified land de-
creased by 309 km®. However, severe and extremely
severe desertified lands both obviously expanded, the
severity of desertification was still aggravated in some
regions, which are mainly associated with the severe
drought event in the north China in 2000. The reduction
of the total area of desertification mainly was the result
of the activities of human governance. Control over
desertification was mainly concentrated in the relatively
easy management regions that are mainly dominated by
slight desertified land.

The area of aeolian desertified land from 2000 to
2005 decreased more rapidly than that from 1990 to
2000. In particular, desertified lands that are classified
as severe and extremely severe began to reverse; these
decreased by 670 and 487 km?, respectively. The sever-
ity of desertification obviously reduced at the rate of
110.3 km? year .
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Table 3 Changes in desertified land areas in the Horqin Sandy Land from 1975 to 2010

Years Extremely severe Severe Moderate Slight Total
1975 Area (km?) 1,843 5,587 8,649 14,805 30,884
Percent 6.0 18.1 28.0 47.9 100
1990 Area (km?) 2,673 6,204 8,884 14,310 32,071
Percent 83 19.4 27.7 44.6 100
2000 Area (km?) 3,490 7,093 8,902 12,277 31,762
Percent 11.0 223 28.0 38.7 100
2005 Area (km?) 3,003 6,423 9,296 12,489 31,211
Percent 9.6 20.6 29.8 40.0 100
2010 Area (km?) 2,593 6,225 8,064 13,317 30,199
Percent 8.6 20.6 26.7 44.1 100
Area changes 1975-1990 830 617 235 —495 1,185
fkm® 1990-2000 817 889 18 -2,033 -308
2000-2005 —487 -670 394 212 —551
2005-2010 —410 —198 -1,231 828 -1,012

The area of aeolian desertified land decreased to
1,012 km? at the rate of 202.4 km? year ' from 2005
to 2010. Among the four aeolian desertified land types,
except for the slight desertified land, the area with other
degrees of desertification had decreased; moderate
desertified land accounted for most of the reduction.
Analysis showed that the area of aeolian desertified land
had an overall reverse trend during this period and that
the extent of the different desertified lands was in a state
of stable reversal.

Viewed from the desertification types, the areas that
have different acolian desertified land were determined
from 1975 to 2010. Results showed that shrub encroach-
ment desertification is the dominant desertification type.
The area of shrub encroachment desertification and non-
irrigated farmland desertification increased from 1975
to 1990, and after 1990; both gradually decreased and
reached the maximum in 1990. Compared with the data
in 1975, the 2010 data showed that areas decreased 757
and 86 km?, respectively. Their change trends were
similar to that of the whole desertified land. However,
the area of dune reactivation or shifting sand intrusion
had volatile increases from 1975 to 2010 (Table 4).

Spatial migration of desertified land
Figure 4 shows the spatial pattern of the gravity center of

the desertified lands. Extremely severe desertified land
was mainly distributed in the southwest of the study
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area, between the Xilamulun and the Laoha rivers
(Fig. 1). Severe and moderate desertified lands were
mainly distributed in the mid-east of the study area,
which have complex and mixed staggered geographical
positions. Slight desertified land was mainly distributed
in the northeast of the study area. The spatial distribution
trend in the gravity center of the desertified land is
similar to the actual distribution of desertified land in
space, indicating that the change in gravity center can
properly reflect the spatial variation of desertified land.

From 1975 to 1990, the gravity center of extremely
severe and slight desertified land migrated to the north-
east 7.76 and 10.49 km, respectively. Severely
desertified land migrated 9.32 km to the southeast.
However, moderate desertified land had no obvious

Table 4 Changes in the different desertification types of
desertified land in the Horqin Sandy Land from 1975 to 2010

Years Desertification types

Dune Shrub non-irrigated ~ Total
reactivation or  encroachment farmland (km?)
shifting sand desertification desertification
intrusion (km?)  (km?) (km?)
1975 343 21,615 8,926 30,884
1990 360 22,073 9,638 32,071
2000 481 21,868 9,413 31,762
2005 517 21,529 9,165 31,211
2010 501 20,858 8,840 30,199
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Fig. 4 Spatial changes in the centroid of aeolian desertified lands from 1975 to 2010 in the Horqin Sandy Land

migration during this period. From 1990 to 2000, the
gravity centers of different desertified lands migrated to
the northeast, except for slight desertified land that
migrated 13.32 km to the northwest. The distance was
the maximum compared with the other desertified lands
during this period. From 2000 to 2005, the migration
distance of the extremely severe desertified land was
relatively minor. The gravity centers of the severe, mod-
erate, and slight desertified lands obviously migrated,
but they moved in different directions. Severe
desertified land migrated 15.91 km to the northeast,
moderate desertified land migrated 9.44 km to the north-
west, and slight desertified land migrated 14.48 km to
the south. From 2005 to 2010, severe and moderate
desertified lands migrated more obviously compared
with extremely severe and slight desertified lands.
Their migration distances were 11.38 and 8.98 km,
respectively.

Over the past 35 years, the overall migration of the
gravity centers of the extremely severe and severe
desertified lands was to the northeast, whereas that of
the moderate and slight desertified lands was to the
northwest. The migration distances of the extremely
severe, severe, moderate, and slight desertified lands
were 11.00, 16.58, 14.21, and 4.17 km, respectively.
The spatial migrations of the severe and moderate
desertified lands were the most obvious. The migration
of the gravity centers of the different desertified lands
can effectively reflect the spatial variation characteristics
of desertification. The centers of gravity of different
desertified lands tending to move northward as a whole

indicated that the southern desertified lands of the
Horqin Sandy Land were improved at some degrees
during the last few decades.

Factors affecting desertification
Effects of climate change on aeolian desertification

The development of desertification is controlled by cli-
mate change to a large extent (Wang and Ha 2004).
Among the climate factors, precipitation, temperature,
and wind are the more important contributors to desert-
ification (Lancaster and Helm 2000; Wang et al. 2005).
The Horqin Sandy Land is located at the agropastoral
transitional zone, which is sensitive to the global climate
change. Climatic and environmental changes in the
Horqin Sandy Land show a certain degree of
particularity.

The change trends in annual maximum wind velocity
and mean wind velocity were analyzed in the study area
(Fig. 5). Results showed that the annual maximum wind
velocity and mean wind velocity underwent overall
significant (P<0.01) decreasing trends in recent
40 years. The rates of decrease were —0.155 and
—0.022 m/s year ', respectively. From 1970 to 1989,
the annual mean wind velocity showed an insignificant
but slight increasing trend, and the annual maximum
wind velocity slowly decreased. The change trends in
the two factors were not obvious. Therefore, velocity
changes do not play a significant role on the reversion of
desertification. After 1989, the annual mean wind
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Fig. 5 Annual maximum wind velocity and annual mean wind velocity and their trends from 1970 to 2010 in the Horqin Sandy Land

velocity and maximum wind velocity showed a signif-
icant (P<0.01) downward trend. The influence of wind
on desertification was decreasing during this period,
which was entirely consistent with the desertification
trends. Land surface was mostly bare and vulnerable to
wind erosion in winter and spring. In particular, sand-
storm occurs when sand dunes and semimobile dunes
are eroded by the wind. Strong winds that accompany
sandstorms cause serious harm on land use/cover and
agriculture production.

The temperature in the study area showed a signifi-
cant (P<0.01) increasing trend (Fig. 6). The annual

mean growth rate was 0.041 °C year ', which is higher
than China’s average rate in the past 40 years
(0.004 °C year ') and that of the global average
warming rate in the past century (0.005 °C year ')
(Yin 2002; Shi et al. 2003; Yang and Yan 2002). The
changes in temperature had a change trend similar to
that of the global temperature. There is a general trend of
fluctuant decrease in precipitation during the last
40 years (Fig. 6). The annual mean precipitation was
359.71 mm, with an annual decrease rate of
—1.267 mm year '. The highest precipitation was
534.3 mm in 1998, and the lowest was 244.02 mm in
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Fig. 6 Annual temperature and precipitation and their trends from 1970 to 2010 in the Horqin Sandy Land
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2009. The difference was even greater than that in the
lowest year. The variation in annual mean
precipitation was large, which easily led to frequent
droughts and floods. Regional climate was
developing toward warmer and drier climate during
the study period, as indicated by rising temperature,
decreasing precipitation, and drying up of lakes and
reservoirs. The ecological environment in the area
was intrinsically very fragile and was prone to
desertification which was characterized by wind
erosion. At the same time, climate warming and
drying caused drought that could bring harm to
agricultural and livestock production. The combined
effect of precipitation and temperature accelerated
the development of desertification between 1975
and 1990 in the study area. Desertification rapidly
increased during this period. Although the increasing
temperature and decreasing precipitation should also
have contributed to the increased desertification from
1990 to 2010, desertification in the study area
showed a reverse trend after 1990. This is
consistent with the results of Wu (2003) and Wang
et al. (2004b) in this region. This phenomenon is the
remarkable result of reasonable human economic ac-
tivity and desertification control measures (Wang
et al. 2004b). In the background of natural environ-
ment, human activity converted the negative effects
into positive effects during the process of
desertification.

Effects of human activity on aeolian desertification

From the mid-1970s to the late 1980s, desertification
rapidly developed in the Horqin Sandy Land. The
main driving factor for desertification is irresponsible
human activities, which include over-reclaiming,
overgrazing, and excessive firewood cutting that
cause rapid desertification expansion. Statistics show
that population density had a significant increasing
trend in the past 40 years in the typical regions of the
Horqin Sand Land. Population density increased
from 35.03 people per km? in 1970 to 58.75 people
per km? (an increase of 67.7 %) in 2010 (Fig. 7).
With rapid population growth, food requirement also
increased. Farmland areas significantly increased af-
ter 1990 (Fig. 7), from 64.11x 107 to 99.81x 10% km?
(an increase of 55.7 %) in the past 40 years. To
satisfy current demands and to obtain more economic
benefits, the local government reclaimed a large area
of grassland, which was then abandoned after 1 to
3 years. Surface vegetation and soil were destroyed
by intensive human activities and irresponsible eco-
nomic activity, which led to subsequent serious aeo-
lian erosion and desertification. Desertification exac-
erbated during the dry and windy periods. Pasture
over-utilization and overgrazing caused grassland
degradation.

According to statistics, the total number of livestock
significantly increased from 2.32 million heads in 1970
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Fig. 7 Change in the main anthropogenic factors in the Horqin Sandy Land over the last 40 years
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to 9.50 million heads (an increase of 309.5 %) in 2010
(Fig. 7). The grazing rates far exceeded the stocking
capacity of pasture. Zhao et al. (2002) proposed that the
mechanism of overgrazing led to the desertification of
sandy grassland. The increasing of grazing intensity
make the surface baring, and wind erosion appeared
rapidly under wind action after ground surface baring,
which resulted in the grassland degradation and desert-
ification. The fuel demand continuously increased with
the growth of the population. Thus, excessive firewood
cutting became common, which is also one of the rea-
sons for the destruction of natural vegetation. Serious
firewood gathering not only destroyed the loose struc-
ture of the forest and affected the growth of the trees, but
also it directly exposed the soil to wind erosion. All of
these factors led to the degradation of forests and forest
resources. Therefore, overcultivation, overgrazing, and
excessive firewood gathering are the three main factors
that lead to eco-environmental degradation and deserti-
fication in the Horqin Sandy Land.

After the 1990s, climatic factors played a beneficial
role in desertification development. However, the de-
sertification process showed a reverse trend during this
period, primarily because the Central Government and
the Inner Mongolian Autonomous Region had a better
understanding of desertification hazards and paid much
attention to desertification control. At the same time, a
series of antidesertification projects were carried out,
including natural forest protection projects, reforesta-
tion, the Beijing—Tianjin sandstorm source control pro-
ject, the eco-environment treatment project, the natural
grassland protection and construction project, and the
Three-North Shelter Forest Programme. From the
central to the local governments, as well as to the
local farmers, all stakeholders increased their finan-
cial, material, and manpower investments on reason-
able adjustments for land use structure and strength.
Areas of low-quality farmland were compressed.
Arable lands with viable soil and water conditions
were intensively managed. Pasture fencing was im-
plemented in large areas. Overgrazing and defores-
tation were prohibited. The series of positive human
activities not only slowed down the rate of aeolian
desertification, but also controlled the desertification
of a fairly large area. The driving effect of climatic
factors on desertification development was offset by
the positive of human activities such that desertifi-
cation showed a reverse trend, especially since
2000.

@ Springer

Conclusions

On the basis of RS and GIS technologies, we monitored
and analyzed the temporal and spatial dynamics of de-
sertification and its driving factors using remote sensing
images, as well as natural and socioeconomic data. The
results showed that acolian desertified land in the study
area covered 30,199 km? in 2010, accounting for 24.1 %
of the total area. The aeolian desertified land obviously
expanded from 1975 to 1990 and gradually decreased
from 1990 to 2010. The human activities had greater
impact on aeolian desertification than climate change.
By analyzing the gravity centers spatial-temporal chang-
es of different desertified lands during the past 35 years,
the southern desertified lands were improved during the
last few decades. Compared with traditional methods
that usually discuss the desertification changes in the
area, combination of area and gravity centers can easily
and visually display the spatial variation characteristics
of aeolian desertified lands across different periods.

Although the climatic variation in the past 35 years
has been favorable to desertification development in the
Horqin Sandy Land, the desertification in the study area
still showed a reverse trend after 1990. Compared with
other’s area studies (Liu et al. 2008; Yang et al. 2007;
Zhang et al. 2003), like the Otindag, Hunshandake, and
Mu Us Sandy Land in northern China, the variability of
climate had some impact on aeolian desertification, but
the processes of aeolian desertification have been forced
mainly by human activities, and policies played an
important role in controlling aeolian desertification. In
this research, desertified land rapidly expanded from
1975 to 1990 because the combination of climate
change and unreasonable human activities. After the
1990s, and especially since 2000, a series of antidesert-
ification and ecological restoration projects were
enacted by local and national governments which aims
to control desertification and restore natural vegetation.
Under the impacts of policies, the acolian desertification
was gradually alleviated. Given the fragile ecological
environment and intensive human activities, though
some political measures have had many successes in
controlling desertification, desertification control is a
difficult and long process, so desertification will still
threat the regional eco-environment. Therefore, we sug-
gest that these effective measures should be implement-
ed continually, and which should include mechanisms
both to protect existing achievements and prevent fur-
ther land desertification.
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