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Efforts to control aeolian desertification in China have focused on the arid and semiarid regions. However, the
direct dust emission rates, sediment characteristics and local-scale controls, as well as the measures needed to
combat desertification, remain poorly understood in northwest Shanxi Province. Aeolian desertification is
regarded as an obstacle to local sustainable socioeconomic development. This paper investigated changes in
aeoliandesertification between1975 and 2010on the northwestern Shanxi Plateau. In this study, remote sensing
images were used to classify land suffering from aeolian desertification into four categories: light, moderate,
severe, and extremely severe. To evaluate the evolution and status of aeolian desertification aswell as its causes,
we interpreted and analyzed Landsat multi-spectral scanner (MSS) image (acquired in 1975) and Landsat The-
matic Mapper (TM) images (acquired in 1991, 2000, 2006, and 2010) as well as meteorological and socioeco-
nomic data. Results revealed 11,866 km2, 13,362 km2, 14,051 km2, 13,613 km2, and 12,318 km2 of aeolian
desertified land (ADL) in the above 5 periods, respectively. The spatial dynamics and patterns showed two
stages: expansion during 1975–2000 at a rate of 87.37 km2 a−1, and spatial transfer of affected areas during
2000–2010with a net decrease of 173.27 km2 a−1. During the evolution of aeolian desertification, areas ofmod-
erate ADL had the greatest dynamic response (11.45%). The factors controlling ADL dynamics were analyzed
from the perspectives of two groups of factors: natural factors and human activities. Our results indicated that
the climate-dominated natural factors contribute greatly to the occurrence and development of ADL. However,
they are not the fundamental causes of its development. The human factors are the primary and direct driving
forces responsible for the increase in ADL area.More thorough quantitative analysis, withmore frequent remote-
ly sensed data is needed to assess the driving forces in more detail.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
1. Introduction

Desertification, defined by the United Nations Convention to Combat
Desertification (UNCCD) as “land degradation in the arid, semi-arid, and
dry sub-humid areas resulting from various factors, including climatic
variations and human activities”, is a serious global environmental
and ecological issue (Abubakar, 1997; Warren, 2002; Singh, 2009;
Verstraetel et al., 2009; Andrew, 2010; Dawelbait and Morari, 2012;
D'Odorico et al., 2013). Globally desertified land amounts to
3.6 × 107 km2, covers 24.1% of Earth's land surface, and affects about
one-sixth of the world's population, many of whom live in poverty
(Middleton and Thomas, 1997).

Combating desertification is crucial to the reductionof global poverty,
and involves understanding the causes and feedbacks (Sivakumar, 2007;
Barbero-Sierra et al., 2013; Salvati et al., 2013), monitoring and assessing
the progression (Helldén, 2008; Helldén and Topptrup, 2008; Ladisa et
13 Published by Elsevier B.V. All rig
al., 2012), and designing and implementing site-specific management
strategies (D'Odorico et al., 2013). In recent years, the notion of deserti-
fication has been related to losses of ecosystem services resulting from
the effect of anthropogenic disturbances and/or climate variations in
dryland ecosystems (D'Odorico et al., 2013).

Aeolian desertification is the most serious eco-environmental prob-
lem in northern China, where the area of aeolian desertified land (ADL)
totals 1.839 million km2 and is distributed across 13 provinces in north-
west, north, and northeast China (CCICCD, 2006). During the past
60 years, ADL has increased rapidly at rates of 1560 km2 a−1 in the
1950s, 2100 km2 a−1 in the 1970s, 2460 km2 a−1 in the 1980s, and
3436 km2 a−1 in the 1990s (CCICCD, 2002). The direct economic loss
caused by aeolian desertification was about 54.1 billion RMB Yuan a−1

(Zhang et al., 1996). In recent years, aeolian desertification in northern
China has attracted worldwide concern. Many studies have investigated
the process of aeolian desertification and its impacts on the environment
(Zhu and Li, 2002; Xue et al., 2009; Guo et al., 2010; Hu et al., 2012). The
most common outcomes have related desertification not only to
climate-related changes, but also to human-induced impacts, and
especially those associated with inappropriate land use, agricultural
hts reserved.
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intensification, and woodland consumption (Zhao et al., 1999; Zhang et
al., 2008; Shen et al., 2012; Wang et al., 2012).

Northwest Shanxi is located between the agriculture and animal
husbandry ecotones in northern China, and is situated in West and
up-wind of Beijing–Tianjin. As well as being an important part of
Loess Plateau and the “golden triangle” of Shanxi–Shaanxi–Inner
Mongolia, the Chinese government listed it in “The Second Phase of
Beijing–Tianjin Sand Source-Control Program (2013–2022)” in 2012.
Aeolian desertification has strongly inhibited the sustainable socio-
economic development of northwest Shanxi, and adversely affected
the ecological security of Beijing–Tianjin and the energy security in
China. Since 1990s, rich coal and iron resources have been exploited
in this region, the study of aeolian desertification is a sensitive topic
due to the conflict between combating aeolian desertification and re-
source exploration. Recently, researchers studied the status, types,
and/or harmfulness of aeolian desertification in northwest Shanxi
(Qin, 1996; Ma and Su, 2003; Xue and Qin, 2012). However, these
studies lacked long-time aeolian desertificationmonitoring and an in-
tegrated cause analysis to explore the mechanisms contributing to
aeolian desertification. Moreover, spatial patterns of changes and
the dynamic characteristics of aeolian desertification have not been
reported in previous investigations.

The main objectives of this study were to understand the area of
ADL, its distribution, and spatio-temporal dynamics in the region
from 1975 to 2010 using remote sensing (RS) data and geographic
information system (GIS), and then integrate cause analysis: natural
factors and human activities. Through this study, we explored the
occurring mechanism of aeolian desertification. This result will be im-
portant in supporting better-informed decisions and in developing
more effective policies to combat aeolian desertification in northwest
Shanxi.
Fig. 1. Location of t
2. Study area

Northwest Shanxi lies between longitudes 111°19′E and 112°52′E,
and between latitudes 38°39′N and 40°17′N. It covers an area of about
1.42 × 104 km2 and includes nine counties (Zuoyun, Youyu, Pinglu,
Shuocheng, Hequ, Pianguan, Baode, Shenchi, and Wuzhai) (Fig. 1). It is
surrounded by the Yellow River to the west, the Datong Basin to the
east, the Luya Mountains to the south, and the Great Wall to the
north. The landscape in the study area is gently undulating, with an av-
erage elevation of 1300–1500 m. Several rivers, such as the Cangtou,
Pianguan, Zhujiachuan, Yuanzi, and Hui flow through the area. The re-
gion lies in the transitional zones from semi-humid to semi-arid climate
and from shrub steppe to meadow vegetation (Qin, 1996). The study
area is characterized by dry and cold winters, arid and windy springs.
It has a wide temperature difference between summer and winter.
Mean annual air temperature was between 3.6 °C and 7.5 °C, with
monthly mean temperatures of −16.0 to −10.0 °C in January and
19.0–22.5 °C in July. The average annual precipitation ranged from
400 mm in the north to 500 mm in the south, of which 75–80% occurs
during June–September. The average annual evaporation ranged be-
tween 1780 mm and 1950 mm, increasing from south to north; and
was four times greater than the precipitation. The mean annual wind
speed was more than 4.0 m s−1, and the mean number of gale days
wasmore than 20 days.Wind speeds could reach 17–21 m s−1, usually
in the period fromMarch to May. The main vegetation types were sec-
ondary scrub and grasses, where the dominant species were Hippophae
rhamnoides, Caragana korshinskii, Ostryopsis davidiana, Rosa xanthina,
Bothriochloa ischaemum, and Artemisia. The main soil types in this re-
gionwere Orthic Entisols, Sandic Entisols, and Orthic Anthrosols. There-
fore, the coincidence of windy weather and low vegetation cover in
winter and spring, and abundant sandymaterial, were the fundamental
he study area.
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environmental conditions for aeolian desertification occurrence in
northwest Shanxi.

3. Materials and methods

3.1. Classification system for aeolian desertification

Dispersed, patchy vegetation cover, and sand sheets were the
main landscape characteristics of ADL. These were the visual indica-
tors of environmental changes and the severity of desertification
(Diouf and Lambin, 2001). After reviewing the classification criteria
proposed in previous studies (Zhu and Liu, 1984; Wu, 2001; Sun et
al., 2008; Yan et al., 2009; Guo et al., 2010; Shen et al., 2012; Wang
et al., 2012), we chose the proportions of the total area covered by
shifting sand and vegetation coverage as the main criteria for deriving
the desertification status used in this study. We divided desertifica-
tion intensity into four grades based on the relative areas of shifting
sand and vegetation coverage: light, moderate, severe, and extremely
severe (Table 1).

3.2. Data acquisition, processing, and analysis

Remote sensing (RS) data are valuable sources for extracting spatially
and temporally explicit information (Corbane et al., 2008; Helldén and
Topptrup, 2008). In particular, multispectral satellite imagery, such as
these provided by Landsat MSS, TM, and ETM images, is a precious re-
source for long-term analysis of surface processes, e.g., changes in land-
forms and land degradation, at a regional scale (Alatorre and Beguería,
2009; Liberti et al., 2009). To assess the evolution of aeolian desertifica-
tion in northwest Shanxi, we employed MSS image in 1975, and TM im-
ages from the four dates (1991, 2000, 2006, and 2010), with a spatial
resolution of 80-m (MSS) and 30-m (TM). TheMSS image was obtained
from Shanxi Center of Geographical Information, and the TM images
were obtained from the International Scientific Data Service Platform
(http://datamirror.csdb.cn/). All images recorded between June and
September were selected because ADL was more easily recognized dur-
ing this period ofmaximumvegetation growth (Hu et al., 2012). Landsat
images were utilized because they had high quality temporal resolution
and covered areas appropriate formonitoring the environment in a large
geographical zone.

False-color image extraction by stacking near-infrared, red and
green bands, as well as geometrical correction, was carried out using
Erdas Imagine 8.7 software provided by ERDAS. Image was accurate to
within one pixel. Details of the satellite image processing method
were described by Valle et al. (1998) and Vasconcelos et al. (2002).
We were confident that this technique was applied effectively in our
study. The evaluation of aeolian desertification included not only the
total area of ADL but also the extent of degradation (Liu and Wang,
2007). Field surveys were carried out to relate image features to actual
ADL grades during ground-truthing immediately after all images
Table 1
Classification and indicators of aeolian desertification grades.

Grade of aeolian
desertification

Shifting sand
(%)

Vegetation coverage
(%)

Land surface characteristics

Light b5 >60 Blowout appears on windward
shifting sand is speckled. Vegeta
degradation in some areas.

Moderate 5–25 30–60 Shifting sand appears on windw
dunes and flats between sand d
cover is significant but is intersp
sheets or wind-eroded areas.

Severe 25–50 10–30 Sand dunes are in a half-shifting
vegetation cover.

Extremely >50 b10 Sand dunes in a shifting state, th
vegetation.
acquisition. The ADL grades were identified at each survey location
according to the classification criteria. Survey locations were measured
by global positioning system, and land surface features were recorded
by digital camera. Resulting image features corresponding to different
grades of ADL are listed in Table 1. All images were interpretedmanually
using ARCGIS 9.1, following the classification criteria (Table 1). In order
to confirm the reliability of interpreted results, a second field survey
was conducted in September 2011 to resolve uncertain areas. Subse-
quent corrections were made after the field validation to ensure classifi-
cation accuracy over 95%. Finally, statistical data and spatial distribution
maps of ADL were obtained by ARCGIS 9.1 and were used to analyze
temporal changes and the spatial patterns and dynamics of aeolian de-
sertification, and to reconstruct the development and evolution of
aeolian desertification throughout the study period. To detect transfer
between different grades of ADL, the graphical superpositionmethod in-
troduced by Li et al. (2007) was employed to establish the ADL transfer
matrix.

Formula (1) below was used to illustrate the dynamic response of
aeolian desertification in other arid and semi-arid regions in the north
of China (Zhao et al., 2001; Li et al., 2004; Guo et al., 2010).

ADk ¼ ATk � AIk � 1=T � 100% ð1Þ

where k is the grade of aeolian desertification, representing light,
moderate, severe, and/or extremely severe aeolian desertification; ADk

is the dynamic response of aeolian desertification of grade k; AIk is the
area of the kth grade of aeolian desertification in the initial year of a
study period; ATk is the area of the kth grade of aeolian desertification,
which was transferred to other grades of aeolian desertification or
non-aeolian desertification during the study period; and T is the dura-
tion of the study period.

3.3. Meteorological and socioeconomic data collection

Local meteorological and socioeconomic data were collected and an-
alyzed to explore the mechanism and processes of aeolian desertifica-
tion. The meteorological data were collected from five meteorological
stations (Zuoyun, Shuocheng, Pianguan, Wuzhai, and Baode) in the
form of monthly observed values for temperature, precipitation, and
gale days from 1975 to 2010. We acquired annual values by summing
the monthly values (precipitation and gale days) or by averaging the
monthly values (temperature). As proxies of human activity between
1975 and 2010, we chose the population in each year, livestock numbers
(cattle, horses, goats, and sheep), and forest coverage. We collected the
data from the statistics departments of local governments and Shanxi
Provincial Bureau of Statistics. Thematic maps, including geomorpholo-
gicmaps, vegetationmaps, and land usemaps, were also used as supple-
mentary data sources.
Tone and texture of RS images

slope of sand dunes and
tion has suffered from

Light red, dotted by darker red; coarse and partially bare
surface.

ard slopes of shrub sand
unes, the vegetation
ersed with sand

Irregular blocks, and the shapes of sand dunes
are clear.

state, there is sparse Irregular brownish yellow or yellow white surface, dotted
shrubs can be identified. Image surface is rough.

ere is little or no Yellow or white surface, incanus, shifting sand dunes or
sand ridges can be identified. There is wavy texture
feature.

http://datamirror.csdb.cn/


Table 2
Dynamics of ADL during the study period.

Years Light Moderate Severe Extremely severe Total

Area/km2 % of ADL Area/km2 % of ADL Area/km2 % of ADL Area/km2 % of ADL Area/km2 % of total area

1975 11,865.64 99.97 1.03 0.02 0.20 0.01 0 0 11,866.87 83.57
1991 13,357.23 99.96 3.15 0.03 1.59 0.01 0 0 13,361.97 94.10
2000 2552.40 18.16 11,462.30 81.58 34.71 0.25 1.65 0.01 14,051.06 98.95
2006 11,566.49 84.96 2039.11 14.98 6.29 0.04 0.91 0.02 13,612.80 95.86
2010 12,124.66 98.42 187.26 1.52 5.70 0.04 0.71 0.02 12,318.33 86.75
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4. Results

4.1. Dynamic changes in ADL since 1975

Analyzing dynamic changes in desertification can help to reveal the
mechanisms responsible for desertification development and the rela-
tionships between the driving forces and the resulting changes (Wang
et al., 2012). The data in Table 2 indicated that ADL in northwest Shanxi
continually expanded until 2000 andwas gradually rehabilitated during
2000–2010. From 1975 to 2000, ADL reached its largest area of
14,051.06 km2, at a rate of increase of 87.37 km2 a−1. After 2000, ADL
totaled 13,612.80 km2 in 2006 and 12,318.33 km2 in 2010, decreasing
at a rate of 73.04 km2 a−1 and 323.62 km2 a−1 during 2000–2006
and 2006–2010, respectively. The data further showed that the areas
of moderate, severe, and extremely severe ADL classes increased before
2000 and decreased after 2000. Two other processes affecting aeolian
desertification were recognized in the satellite image data set. The
first one was related to sand exposure. In the northern part of the
study area, a sand dune stabilized by natural vegetation was visible in
the TM image. However, subsequent deforestation for domestic pur-
poses and overgrazing caused degradation of the site.
Fig. 2. Spatial distribution of various grades of ADL in northwest Shanxi. L — land with light
severe aeolian desertification, ES — land with extremely severe aeolian desertification, and
4.2. Spatial changes, and transfer between different grades of ADL

In 1975, the ADL was concentrated in the middle of the region
(Fig. 2), mainly in Youyu, Pinglu, Shuocheng, and Pianguan. Light ADL
was the primary type, with an area of 11,865.64 km2 accounting for
99.97% of the total area of ADL (Table 2). From 1975 to 1991, ADL
began to enlarge. Fig. 2 clearly indicated that ADL was covered in the
north of the region. Although extremely severe ADL had not changed,
the light ADL increased 1491.59 km2 (Table 2); and 1506.12 km2 of
non-ADL was transferred into light ADL (Table 3), which mainly
appeared in Zuoyun and Youyu. Since 1978, an unprecedented combi-
nation of economic reforms, exploration for natural resources, and
population growth has led to a dramatic transformation of land cover
in the study area. During these changes, the area of ADL has increased
as a result of excessive land reclamation for agriculture and other
human activities.

In 2000, the magnitude of desertification ranged from low to ex-
treme, with a prevalence of severe degradation conditions (high or
extreme). Analysis of changes also demonstrated the existence of
re-growth conditions, mostly distributed in the south-eastern areas
(Pianguan, Hequ, Baode, and Wuzhai) (Fig. 2). Overall, desertification
aeolian desertification, M — land with moderate aeolian desertification, S — land with
NON — with non-aeolian desertified land.

image of Fig.�2


Table 3
Transfer matrix of different grades of ADL (abbreviations follow Fig. 2).

Transferred area (km2)

Year Grades L M S ES NON

1975–1991 L 11,851.07 2.42 0.92 0 11.23
M 0.04 0.51 0.46 0 0.02
S 0 0.02 0.18 0 0
ES 0 0 0 0 0
NON 1506.12 0.20 0.03 0

Total Newly aeolian desertified: 1506.35 Rehabilitated:
11.25

1991–2000 L 2208.46 11,098.72 28.77 1.35 19.93
M 0.44 1.35 0.35 0.27 0.74
S 0.20 0.10 0.76 0.03 0.50
ES 0 0 0 0 0
NON 343.30 362.13 4.83 0

Total Newly aeolian desertified: 710.26 Rehabilitated:
21.17

2000–2006 L 1846.16 287.28 0.20 0.04 418.72
M 9553.17 1646.39 0.40 0.11 262.23
S 9.83 16.16 5.14 0.12 3.46
ES 0.08 0.41 0.51 0.62 0.03
NON 157.25 88.87 0.04 0.02

Total Newly aeolian desertified: 246.18 Rehabilitated:
684.44

2006–2010 L 10,638.15 35.29 0 0 893.05
M 1448.41 132.46 0.27 0 457.97
S 0.32 0.60 5.24 0.06 0.07
ES 0 0.07 0.19 0.65 0
NON 37.78 18.84 0 0

Total Newly aeolian desertified: 56.62 Rehabilitated:
1351.09

Table 4
Dynamic response of ADL for different periods.

Dynamic response (%)

Grades 1975–1991 1991–2000 2000–2006 2006–2010 Average

Light 0.01 8.34 4.43 2.01 3.70
Moderate 3.03 5.71 13.70 23.38 11.45
Severe 0.60 5.22 13.63 4.17 5.91
Extremely severe 0 0 9.99 7.14 4.28
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prevailed over re-growth. As a result, moderate ADL had the largest
area of 11,462.30 km2, accounting for 81.58% of the total area in
2000 (Table 2). Some 362.13 km2 of non-ADL was transferred into
moderate ADL (Table 3). However, these averages were not sufficient
to provide a clear indication of the driving factors of change at the
landscape scale.

The ADL in 2006 had decreased relative to that in 2000. Fig. 2 dem-
onstrated that ADL appeared in the south of this region, such as in Hequ,
Baode, Wuzhai, and Shuocheng. It was possible that over-exploitation
of semi-desert environments through deforestation, overgrazing, and
cultivation resulted in habitat conversion to desert, even though rainfall
may still have been sufficient to support semi-desert vegetation. How-
ever, ADL in the north of this region had become largely rehabilitated.
According to Table 3, there were 246.18 km2 of new ADL, while
684.44 km2 had been rehabilitated. Re-growth conditions observed in
the north of the region were mainly due to government reforestation
projects in the last decade and sustained favorable conditions for vege-
tation growth in the study area.

In 2010, more ADL was rehabilitated in the south, mainly in Hequ,
Baode, and Wuzhai (Fig. 2). During 2006–2010, 56.62 km2 of non-ADL
was desertified and 1351.09 km2 was rehabilitated. Meanwhile,
893.05 km2 of light ADL was rehabilitated and 37.78 km2 of non-ADL
became light ADL, accounting for 66.73% and 66.10% of the new rehabil-
itation and desertification, respectively (Table 3). Light ADL reached an
area of 12,124.66 km2, or 98.42% of the total ADL.

4.3. Characterization of dynamic response for different grades of ADL

We described the dynamic response of aeolian desertification by
function (1). Dynamic response was calculated for four periods, and
results are listed in Table 4. In general, less severe aeolian desertifica-
tion grades had a greater dynamic response (Guo et al., 2010). How-
ever, in our study, the moderate grade showed the greatest dynamic
response: 13.70% and 23.38% during 2000–2006 and 2006–2010,
respectively. This might be caused by the comparatively small area
of moderate ADL in 1975 and 1991 (Table 2). Noticeably, light aeolian
desertification had the lowest dynamic response in the study period,
and its average value of 3.70% was less than one third of the highest
average value of 11.45% (Table 4). This may suggests that light ADL
could rarely be rehabilitated.

5. Discussion

Natural factors and human factors were the two major driving
forces of aeolian desertification processes in the region, and could
both influence aeolian desertification at the level of regional land-
scapes (Avni et al., 2006; Seifan, 2009; Yan et al., 2009; Dawelbait
and Morari, 2012). Traditional digital remote sensing analysis was
based on the consideration that a pixel was uniformly covered. There-
fore, classification techniques assigned each pixel to just one single
category. In most environmental applications, this homogeneity was
unusual; and normally the area included in the instantaneous field
of view of a satellite sensor was a composite of several land covers:
for example, grass, trees, shrubs, soils or man-made features. For
aeolian desertification studies this heterogeneity was especially
critical, since semi-arid areas were commonly a combination of vege-
tation and soil in different proportions.

5.1. Natural factors

5.1.1. Material factor
Abundant sandy material was one of the prerequisites for the occur-

rence of aeolian desertification (Hu et al., 2012). The terrain in the study
area was Loess hills with cladding sand in northwest Shanxi. Loose
Quaternary sediments were deposited on the hillsides and terraces.
The mechanical composition of surface material was predominantly ex-
tremely fine sand (0.063–0.125 mm) and fine sand (0.125–0.250 mm)
(Ma and Su, 2003). The clay fraction (b0.002 mm) was under 20%. The
mainly sandy soil and lack of binding or viscous substances provided
an abundant source of sand for aeolian desertification.

5.1.2. Climate factor
Climate was an important driving force for aeolian desertification

(Zhu and Liu, 1984). Climate affects aeolian desertification mainly
through the influence of changes in air temperature, precipitation,
and wind velocity (Lancaster and Helm, 2000; Wang et al., 2009). In
this study, air temperature, precipitation, and wind velocity data
were collected to analyze climatic changes during the study period.
We used a linear regression model to define the trends in mean annu-
al temperature and total precipitation. The mean annual temperature
increase per decade was 0.22 °C (1975–1990), 0.24 °C (1991–2000),
and 0.21 °C (2001–2010) in the study area (Fig. 3), which was
much greater than the global mean rate of increase (0.03–0.06 °C
per decade) (Hu et al., 2012). Increased air temperature could result
in increasing topsoil evaporation and decreasing topsoil moisture
content, which intensified vegetation degradation and wind erosion
(Xue et al., 2009). Meanwhile, the data in Fig. 3 demonstrated that
the mean annual precipitation fluctuated slowly, but without a signif-
icant decreasing or increasing tendency throughout the study period.
The wind in the region was strong, according to the observed data
from 1975 to 2010. The mean annual number of gale days (wind
speed of 17–21 m s−1) per decade was 25.7 (1975–1990), 26.5
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Fig. 3. Changes in annual temperature and precipitation since 1975. Fig. 5. Comparison of ADL in three periods relative to the proxies of human activities in
northwest Shanxi.
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(1991–2000), and 24.2 days (2001–2010) (Fig. 4), respectively,
which occurred from March to May before the rainy season arrives.
An observed cubic relationship between the wind's erosive power
and wind velocity (Yan et al., 2009) suggested the influence of wind
on aeolian desertification was stronger than temperature and precip-
itation in the study period.

Higher temperatures could cause more evaporation, and thus, more
arid conditions (Wang et al., 2005). During our study period, the overall
aridity of the climate increased because temperatures had steadily in-
creased while precipitation had not obviously changed throughout the
study area (Fig. 3). The combined effect of changes in temperature,
precipitation, and wind should has worsened aeolian desertification
from 1975 to 2010; and indeed, aeolian desertification increased during
1975–2000. However, in 2000–2010 aeolian desertification showed net
rehabilitation. Therefore, the climate-dominated natural factors were
not the main driving forces for the development of aeolian desertifica-
tion in northwest Shanxi.

5.2. Human factor

Natural factors such as climatic variations created the potential for
the development of aeolian desertification. However, human activities
appeared to be themost important factors responsible for the initiation
of aeolian desertification (Ma et al., 2007; Guo et al., 2010; Wang et al.,
2012). In the present study, we evaluated human activities using three
proxies: the human population, the number of livestock, and forest cov-
erage. Our results illustrated that there had been significant variations
in these proxies throughout the study period in northwest Shanxi
(Fig. 5).

The region's population increased by 17.5 × 104 (from 149.5 × 104

to 167 × 104) and 25 × 104 (from 167 × 104 to 192 × 104) during
1975–1991 and 1991–2000 (Fig. 5), respectively, which increased the
need for farmland, and the resulting conversion of grasslands and
woodlands to agricultural uses led to degradation or destabilization.
Due to a lack of adequate surface protection, the soil either became
eroded or the reclaimed land was subsequently invaded and covered
Fig. 4. Changes in annual gale days (those exceeding Force 8) since 1975.
by windblown sand. During 2000–2010, the population showed no
obvious changes, and under the Migrating Policy 6.50 × 104 people
migrated to engage in non-agricultural activities, which greatly
alleviated the pressure on the land.

In two former periods, the number of livestock increased by
15.26 × 105 (from 19.02 × 105 to 34.28 × 105) and 11.43 × 105

(from 34.28 × 105 to 45.71 × 105) (Fig. 5), of which 85% of livestock
was free-herding. According to our investigation, the number density
of sheep grazing was 150% greater than the bearing capacity of grass-
land. ‘Over-grazing’ resulted in a serious degradation of grassland,
such as the quality of edible herbs deteriorated while the abundance
of toxic herbs increased. Meanwhile, due to trampling, the top layer of
the soil surface had been destroyed and lost its ability to hold moisture,
resulting in increased evaporation and surface run-off, and altering soil–
water–plant relationships and exposing bare soil to erosion. From 2000
to 2010, the number of livestock had reduced by 7.36 × 105 from
45.71 × 105 to 38.35 × 105 (Fig. 5), and 65% of livestock was
trap-herding because of the Prohibiting Grazing Policy (Xue and Qin,
2012). The deserted grassland began to rehabilitate.

Despite ample coal resources, local inhabitants were poor because of
living in a poverty-stricken area where they had to cut natural shrubs
and/or trees for firewood. Consequently, ‘over-cutting’ resulted in the
loss of 8.65 × 104 hm2 natural shrubs and/or trees during 1975–2000,
and reduced forest coverage to less than 11% of the whole region in
2000. Therefore, the semi-fixed and fixed sandy land was re-activated
into mobile sandy land by strong wind erosion in the area. In the latter
ten years, the Chinese government implemented many programs to
protect arid or semiarid regions from aeolian desertification, such as
“Three-North” Shelterbelt Project, Conversion of Cropland to Forest or
Grassland Program, Water and Soil Conservation Program and others
(Xue and Qin, 2012). Under these programs, the forest coverage
increased from 10.25% (14.55 × 104 hm2) in 2000 to 16.69%
(23.70 × 104 hm2) in 2010 in northwest Shanxi (Fig. 5), with Youyu
County reaching a notable 31.44% in 2010.

In our study area, the expansion or rehabilitation of ADL followed
the increase or decrease of population, livestock, and forest coverage
during the 1975–2010 periods (Fig. 5). Therefore, we found that
human factors were the main contributors and the fundamental causes
of the process of aeolian desertification.

6. Conclusion

The ADL expanded from 1975 to 2000 at a rate of 87.37 km2 a−1,
and was rehabilitated after 2000 at a rate of 173.27 km2 a−1,
according to results obtained from remote sensing (MSS, TM) image
analysis coupled with field surveying in northwest Shanxi. During
the evolution of aeolian desertification, the moderate ADL class had
the greatest dynamic response (11.45%). Both natural and human
factors contributed to the deterioration of aeolian desertification con-
ditions in the study period. The natural factors (such as the warming
and windy climate, and abundant surface sand source) were the

image of Fig.�3
image of Fig.�5
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prerequisite for the region's potential aeolian erosive activities. How-
ever, the human factors such as population growth, overgrazing, and
over-cutting were the external driving forces that were mainly and
directly responsible for the increase of ADL.

Despite our promising results in this study, there were limitations to
the accuracy of aeolian desertification monitoring using Landsat data.
For example, we may have the ability to acquire high-quality images
but lack experienced visual interpreters. In future research, we plan to
collect more efficient and objective data and develop a more effective
quantitative method to evaluate aeolian desertification and its human
factor in northwest Shanxi.
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