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a b s t r a c t
Protecting the Mogao Grottoes in fragile ecology sites has signiﬁcant values in sand control by using
desert shrub belts. The monthly height changes of aeolian sand deposits by using erosion pins indicates
that Hedysarum scoparium and Tamarix ramosissima Ledeb. are best arranged in two adjacent parallel conﬁgurations perpendicular to the main wind path, and T. ramosissima Ledeb., H. scoparium, and Caragana
korshinskii Kom. exhibit sand prevention effects during April, June, and May and November, respectively,
and H. scoparium is the most suitable desert shrub atop the Mogao Grottoes. The yearly change of accumulated sand suggests that shrub belts have better sand prevention effects. However, sand accumulated
by shrub belts could become another sand source that can damage the grottoes.
Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction
The Mogao Grottoes (40◦ 5 17.25 N, 94◦ 40 16.67 E) is located
at Dunhuang region in the west Gansu Province, China. The Mogao
Grottoes is one of three notable grotto sites in China, and it has the
largest and richest collection of Buddhist art all over the world,
and is also a famous World Cultural Heritage in fragile ecology
sites. Sandstorms have caused erosion in the Mogao Grottoes since
the beginning of the Five Dynasties (907 AD to 960 AD) (Stone,
2008). Shrub belts have been observed to be an important biological measure to control desertiﬁcation. To address the need for ﬁeld
observations of the effects of shrub belts on windbreaks and sand
ﬁxation, the Mogao Grottoes was selected as the site for the current
study.
The actual results of the observation will contribute to a deeper
understanding of the most effective shrub patterns and sand
retention mechanisms of shrub belts. Many studies that used
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biological methods were conducted to determine how desertiﬁcation could be prevented or controlled (Li et al., 2009; Munsona
et al., 2011; Zhao et al., 2007). The interaction between windblown sand ﬂux and vegetation (Wolfe and Nickling, 1993), such
as wind erosion around Tamarix ramosissima Ledeb. (Liu et al.,
2011), Hedysarum scoparium (Fearnehough et al., 1998), and Caragana korshinskii Kom. (Cai, 2001) were also studied. Besides,
some negative inﬂuences brought by large afforestation in fragile ecology regions has been studied (Cao, 2008, 2011; Cao et al.,
2009a). However, studies on an optimum conﬁguration of shrub
belts with long-term wind erosion monitoring are comparatively
few.
Compared with other methods, erosion pins are more widely
used in assessing wind erosion (Fang et al., 2012). However, this
method has low measurement precision because the pins can be
affected easily by various natural and human factors. Thus, longterm observations are still useful in studying the wind erosion
process (Li et al., 2012; Zachar, 1982). Short-term observations
remain dubious due to lack of manpower and ﬁnancial resources
as well as climatic oscillation and unstable, periodic environmental ﬂuctuations. A system to observe wind erosion for long-term
stable operation is more scientiﬁcally valid and must therefore be
established.
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density of the shelterbelts was 1/4 stain (clump) m−2 , the average
height was approximately 1.5 m, the average canopy (windward
acreage) was 1 m, and the average cover ratio was approximately
40%. Old shelterbelts composed of T. ramosissima Ledeb., H. scoparium, and C. korshinskii Kom. were the subjects of the study. Shrub
belt formed into a shelterbelt with a SW → NE orientation with an
area of 800 m × 12 m in 1999. Four sections were set up for the shelterbelt in the current study, namely, Section I, which was located in
the mixed shelterbelt area with 3 kinds of plants and 10 monitoring points; Section II, which was in the middle of the C. korshinskii
Kom. area with 9 monitoring points; Section III, which was in the
middle of the H. scoparium area with 8 monitoring points, and;
Section IV, which was between the H. scoparium and T. ramosissima
Ledeb. areas with 9 monitoring points. The erosion pins in all the
sections were measured once every month and were arranged in
a NW → SE conﬁguration every 2 m, perpendicular to the direction
of the old shelterbelts. Along the NW → SE conﬁguration (Fig. 1),
the pin numbers were identiﬁed from lowest to highest. The erosion pins located in the two sides of the old shelterbelts were set
in Gobi, which was 2 m from the erosion pins located at the edge
of the old shelterbelt canopy.
A ruler was used to measure the height of erosion pins with a
precision of 1 mm. Average yearly heights of every erosion pin are
the average values of all the monthly height of erosion and deposits
in a year, 95% credibility interval.

3. Results

Fig. 1. Distribution of monitoring section in the shrub belts atop Mogao Grottoes in
Dunhuang, China.

2. Materials and methods
2.1. Field observations
From 1999 to 2009, the recorded average air temperature, the
average precipitation and the average wind velocity were 12.6 ◦ C,
35.5 mm m−2 and 4.27 m s−1 respectively. The Mogao Grottoes is
subject to winds from multiple directions. In the current study,
the analytic results of data on wind conditions throughout several
years identify four prevailing winds, namely, southerly, northerly,
northwesterly, and northeasterly. Among the prevailing wind conditions, northwest, west, and southwest winds result in sandstorms
(Fig. 1). When the wind speed at the height of 2 m is ≥10.6 m s−1 ,
greater sand transport occurs (Li, 2012). Gravel Gobi, sand-gravel
Gobi, sand terraces, and sand dunes exist along the top of the Mogao
Grottoes. The shrub belts are located on the sand terraces and are
easier to maintain.
2.2. Methods
The data were obtained from the Dunhuang Cultural Research
Institute. The research was conducted from 1999 to 2009. The
research sites were the locations atop the Mogao Grottoes where
the shelterbelts were planted in 1992, 1993, and 1999. The

In this section, the proﬁle of accumulating sand was assumed to
be a double-peaked curve (Fig. 2a). The double peaks were located
at erosion pins 2 and 6 (hereafter referred to as “Pins”). The sand
carried by strong winds beveled up to the edges of the crowns of C.
korshinskii Kom. However, the wind speed slowed gradually when
it encountered friction with the foliage, thereby resulting in sand
dune accumulation and formation. The missing data were obtained
based on the result of the erosion pins, which were either buried by
sand or damaged by human activities and not repaired. The above
details are illustrated in the following ﬁgure.
In the monitoring section of the current study, the maximum
heights of the accumulated sand at Pins 1 and 7 were 39.3 cm
and 19.9 cm, respectively, in 2008, and were 45.8 cm and 20.8 cm,
respectively, in 2009. The accumulating sand appeared to be
concentrated along the margins of the H. scoparium belts, with
relatively less sand in the middle of the belts. In addition, the windward acreage exhibited stability and did not succumb easily to the
inﬂuence of long-term wind speed. Thus, in these belts, clearing
away the accumulating sand manually or by using machinery was
feasible (Fig. 2b).
Section (IV) was placed perpendicular to the direction of the
shrub belts direction, southeast of the T. ramosissima Ledeb. area
and northwest of the H. scoparium area. The pins were positioned
side by side. Sand located at the sides of shrub belts next to the
grottoes did not form high peaks, but sloped gently as a whole
(Fig. 2c). This condition suggests that an appropriate shrub pattern, coupled with the southeast wind guiding the sand, can resist
accumulating sand dunes.
The data from the section that contained mixed shrub belts indicated two phases of sand accumulation, namely, the unstable phase
from 1999 to 2002, and a stable phase from 2003 to 2009. During
the unstable phase, no obvious determinants were present in the
accumulating sand zone. Pin 6, which was located closer to the
center of the mixed belts, changed from erosion to accumulating,
because Pin 6 was in a tight vortex ﬁeld, the particles from sandstorms continued to accumulate and formed a small sand dune.
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Fig. 2. The yearly change in accumulating sand sections in different monitoring sections during 2000–2008.

This condition suggests that mixed belts could develop ecological
characteristics of stable space distribution earlier than single belts.
Pin 3, which was located next to some shrub belt stems, showed
the maximum accumulation value. Thus, mixed belts could be reasonably assumed to ﬁx aeolian sand near their stems. In Fig. 2d,
the right drop-down curve of Pin 3 showed that mixed belts could
guide sand from the Grottoes to Mount Mingsha.
As shown in Fig. 3, a comprehensive comparison among accumulating sand curves in 1999 and 2009 indicated the particles
blown from the sand-gravel Gobi over the top of the Grottoes,
mainly in the form of sand ridges next to the Grottoes, were the
sand source of the small sand dunes formed by mixed shrub belts.
Small dunes that had covered the areas between the T. ramosissima Ledeb. and H. scoparium areas shifted to the Grottoes. The H.
scoparium area could shift small sand dunes to Mount Mingsha. In
the C. korshinskii Kom. area, the results of the observations of the
accumulating sand sections from 2000 to 2008 suggested that sand
dunes remained ﬁxed at their original points.
The average monthly quantity of aeolian sand erosion and deposition each year could be calculated by calculating the average
of the measurement data from the erosion pins in each accumulating sand section (Table 1). The highest accumulated sand
heights indicate the optimal growth periods. The bimodal peaks
were related to of both plants to enhance aeolian sand accumulation. For the mixed belts and H. scoparium, June was primarily
the optimal time for aeolian sand accumulation. T. ramosissima
Ledeb. was not monitored because the sand accumulation in Section IV was approximately 18 cm in April and June, and was lower
in May. However, April was observed to be the optimal time for T.
ramosissima Ledeb. The C. korshinskii Kom. area (Section II) accumulated 10.2 cm and 10.7 cm in May and November, respectively. The

deposited sand increased at an average rate of approximately 20.4%
annually from 2000 to 2009. The annual deposited sand weighed
29.9 t ha−1 during that period (Li, 2012).
4. Discussions
Long-term outdoor monitoring is required for auxiliary observations, which allows constant adjustments and improvements in
the conﬁguration model of shrub belts. The small dunes formed in
the shelterbelts become permanent dunes, and then the shrub belts
are more likely to perform better than other desertiﬁcation control projects or chemical measures. However, this situation causes
sand mountains to shift to the grottoes and poses an unpredictable
threat to the Mogao Grottoes. So afforestation in this site will
leave some problems, making artiﬁcial and unintended negative
Table 1
Years of average monthly quantity of aeolian sand erosion and deposition from 1999
to 2009.
Month

Section I (cm)

Section II (cm)

Section III (cm)

Section IV (cm)

1
2
3
4
5
6
7
8
9
10
11
12

18.7
19.0
19.5
19.6
20.1
20.7
19.0
19.1
19.2
19.3
19.4
19.4

9.7
9.7
9.8
9.6
10.2
9.6
9.5
9.7
9.8
9.7
10.7
9.6

14.9
15.0
15.4
15.7
15.7
16.2
14.6
15.6
15.8
15.3
15.3
15.6

17.0
17.0
17.3
18.2
17.3
18.0
16.6
16.6
16.6
16.7
16.9
16.9
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Fig. 3. The monitoring sections of accumulating sand in 1999 and 2009.

inﬂuences (Cao et al., 2010, 2011). So we must pay attention to the
principle in conducting ecological engineering (Bergen et al., 2001),
and also develop a sustainable environmental restoration path (Cao
et al., 2007, 2009b).
Long-term observation shows that the biological characteristics
and sand prevention effects in the shrub belts change constantly
due to harsh conditions in aeolian sand. Some shrubs that previously grew in abundance became sparse, and sand prevention
effects decreased. Therefore, based on this ﬁnding, the use of psammophytes for long-term sand prevention is justiﬁed. The current
study provides a practical theory for using shrub belts to control desertiﬁcation. Based on our long-term observations, the kind
of shrub and the conﬁguration model have an important, extensive, and propagable signiﬁcance in desert regions throughout the
world.
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