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a  b  s  t  r  a  c  t

To  identify  the  effects  of  shelterbelt  establishment  on soil  recovery,  we compared  soil  properties  at  depths
of 0–5,  5–10,  and  10–20  cm  as  affected  by Caragana  korshinskii  shelterbelts  across  a chronosequence  of  soil
undergoing  restoration  for 7, 11, and  26  years,  as  well  as reference  grasslands  in  Ningxia,  NW  China.  Fractal
dimension  of  soil  particle  size  distribution  (PSD)  was  also  integrated  to  describe  variations  in soil  proper-
ties.  The  results  indicated  that (1) fine  particles,  total  porosity,  total  nitrogen,  phosphorous,  and  available
nitrogen,  phosphorous,  and potassium  increased  significantly  with  plantation  age  (p <  0.05).  Sand  par-
ticles  tended  to decrease  with  restoration  time,  especially  in the topsoil  layers  (0–5  cm).  (2)  In most
cases,  selected  physicochemical  properties  of soil  in shelterbelts  recovered  more  than  in  the  reference
grasslands;  moreover,  planting  Medicago  sativa  had  greatly  positive  effects  on soil nitrogen  accumulation
due  to  azotification.  (3)  Fractal  dimensions  of soil  PSD  ranged  from  2.3946  to  2.6351.  Regression  analy-

ses  showed  fractal  dimensions  had  significant  linear  correlations  with  soil  physicochemical  properties
(R2 = 0.511–0.870,  p <  0.01),  except  total  potassium  (R2 =  0.248).  Therefore,  we suggest  D as  a  considerable
and  reliable  parameter  to reflect  variations  in  soil  properties  affecting  vegetation  restoration  efforts,  and
additionally  as  an  implication  of  desertification.  This improved  information  will contribute  to  a better
understanding  of vegetation  solutions  for anti-desertification  efforts.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Desertification in China has experienced multiple arid phases
hroughout the quaternary (Wang et al., 2008). Desertified China
ncludes the vast arid and semiarid northern territory covering an
rea of more than 1.8 million km2. Additionally, over the latest cen-
uries, extensive pastoral and agricultural systems have reduced

oil fertility and exacerbated land degradation in desertified regions
Zha and Gao, 1997; Chen and Tang, 2005). Generally, desertifica-
ion is driven by synthesized natural and anthropogenic forces and
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causes a decrease in the land’s ability to produce food and forage,
the quantity and quality of fresh water, the land’s resilience, and an
increase in social costs, poverty, and political instability (Chen and
Duan, 2009). As a consequence, desertification has been widely rec-
ognized as a major environmental and social problem and one of the
most serious threats to the survival and development of humanity
(Wang et al., 2008). Furthermore, easterly winds sweep particulate
matter in arid and semiarid China to Japan, Korea, and sometimes
to the US (Normile, 2007). Therefore, desertification in China has
not only been a regional environmental problem, but a global issue
relating to environment and public health (Otani et al., 2012).

The world has reached a broad consensus that appropriate veg-
etation restoration is the most beneficial, efficient, and sustainable
solution for degraded land rehabilitation and combating desertifi-
cation (Tavili and Jafari, 2009). Since the late 1990s, China has been

implementing unprecedented greening efforts to combat deser-
tification including the Six Key Forestry Programs (Li, 2004). At
present, China has the world’s largest forest plantations, account-
ing for approximately 62 million hectares. It is widely recognized
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hat vegetation restoration has positive effects on soil recovery.
oreover, soil response to vegetation restoration across diverse

rid and semiarid regions has been widely studied in China (Duan
t al., 2004; Li et al., 2004, 2007; Su et al., 2005; Jiao et al., 2011).
or example, vegetation restoration in the Tengger Desert resulted
n positive effects on soil water availability, clay and silt contents,
s well as nutrients (Duan et al., 2004; Li et al., 2004, 2007). How-
ver, although many Chinese researchers and government officials
ave declared that reforestation has successfully controlled deser-
ification and dust storms, there is surprisingly little unassailable
vidence to support their claims (Wang et al., 2010). Scholars’ skep-
icism of Chinese greening efforts seems to be overstated; some
ven claim that excessive reliance on afforestation in China’s arid
nd semiarid regions has failed to solve the desertification problem
Cao, 2008; Cao et al., 2011). Additionally, arid and semiarid China
as large variability due to the differences in climate, soils, and veg-
tation (Wang et al., 2008). Therefore, more studies are urgently
eeded to provide basic information that investigate greening pro-
ram efforts and support a more scientific, effective, and flexible
nvironmental restoration policy.

Yanchi County is located in the Ningxia Hui Autonomous Region
n the central part of southern rim area of the Mu  Us Desert. Before
he 1990s, the total area of desertified land in Yanchi County had
ncreased sharply and reached a peak value in 1989 of 2366.7 km2

Chen and Duan, 2009). However, due to logging and grazing con-
rol and vegetation restoration efforts, this desertification in Yanchi
as begun to diminish by the 1990s (Qi et al., 2003). In this paper, we
ypothesized that local soil properties are largely a consequence
f plant growth during secondary succession. The physical and
hemical properties of the soil as affected by Caragana korshinskii
helterbelts across a chronosequence of soil undergoing restora-
ion for 7, 11, and 26 years, as well as reference grasslands were
nvestigated, and the changes in soil bulk density, total porosity,
nd particle size distribution (PSD), as well as soil organic carbon
SOC) and nutrient contents were analyzed. As an integrated sur-
ogate, fractal dimension of soil PSD were determined to represent
he variations in soil properties and desertification. Additionally,
n this paper, the focus is primarily at the smaller site scale rather
han at the landscape scale.

The objectives of this study are: (1) to identify the effects of
helterbelt establishment on soil physical and chemical proper-
ies over time during vegetation restoration; (2) to demonstrate
ow the soil physicochemical attributes add to fractal features
nd the potential possibility of fractal dimension as an indicator
o imply desertification. This study will provide basic informa-
ion for our better understanding of anti-desertifications solutions
nd a firm basis for future policy-making on how best to combat
esertification.

. Materials and methods

.1. Description of study area

The study sites are located at Yanchi County of Ningxia Hui
utonomous Region, NW China (37◦04′–38◦10′ N, 106◦30′–107◦47′

, at 1400–1800 m above mean sea level) (Fig. 1). This is a typical
ransitional zone where the terrain changes from the Loess Plateau
South) to the Ordos Plateau (North) (Chen and Duan, 2009). The cli-

ate in the study area is a warm temperate monsoon climate. The
ean daily temperature is 7.8 ◦C with an annual winter–summer

nd diurnal–nocturnal differences of 28 and 20 ◦C, respectively.

he mean annual precipitation is 292 mm and about 62% of this
alls between July and September. The mean annual evaporation
s 2024 mm,  which is dramatically higher than annual precipita-
ion (Gao et al., 2014). The study area is characterized by large
ators 43 (2014) 236–243 237

dense sand dunes and a hard ridge region covered by sands; the
perennially NW winds with a mean annual velocity of 2.6 m/s
cause frequent and strong wind erosion (Bao et al., 2013). The
aeolian soil is loose, infertile and mobile, and can be classified as
arenosols of quartisamment (U.S. Soil Taxonomy) commonly found
in arid and semiarid regions. The predominant native plants are C.
korshinskii,  Hedysarum scoparium,  Artemisia ordosica, and Sophora
alopecuroides.

The field sampling units are located in an enclosed area within
Xiawangzhuang Village in Yanchi County on the southern edge of
the Mu  Us Desert. The adjacent experimental sites never exceeded
5 km in the flat hard ridge region covered by aeolian sands. In the
sampling area, arable lands under traditional agricultural systems
were converted to grasslands for desertification control purposes.
C. korshinskii shelterbelts were established using the same methods
in 1986, 2001, and 2005, respectively. To achieve more efficient
land utilization and greater fertility improvement, Medicago sativa
were interplanted between the belts, and were reaped annually.

2.2. Study approach and experimental design

As there were no historical data recording changes in most soil
properties since the shelterbelts’s establishment, we used a clas-
sical “space for time” substitution, sampling sites of differing ages
(Li et al., 2007). Furthermore, soil from 0 to 20 cm depth was  the
focus because of the important influence on soil properties by veg-
etation restoration of the surface soil layer (Jiao et al., 2011). Field
research was conducted in August, 2012. For each shelterbelt site
(Sites 1–3), three soil sampling profiles were selected at random
on the artificial grasslands between the windbreaks. The intact and
mixed soil samples were collected at 3 different depths: 0–5, 5–10,
and 10–20 cm.  A classical survey was  used to investigate vegetation
characteristics. In each site, three 50 m line transects were selected,
and five 1 m × 1 m subplots were evenly distributed for investi-
gation. Meanwhile, adjacent natural grasslands were selected for
sampling as well for reference purpose (Sites 4–6). Among them,
we found Site 4 with signs of grazing. General information from the
sites is described in Table 1.

Soil bulk density and porosity were measured using intact soil
cores from each soil layer with three replicates (oven-dried at
105 ◦C). Soil bulk density was calculated using Eq. (1). Total poros-
ity was subsequently calculated with Eq. (2) using soil bulk density
data (Huang, 2010):

Bd = (Ms − Mc)/V (1)

where Bd is the soil bulk density (g cm−3); Ms is the weight of intact
soil core after drying (g); Mc is the weight of soil core sampler (g);
and V is the volume of soil core (cm3):

Pt = WmBd (2)

where Pt is the total soil porosity (%); Wm is the soil’s maximum
moisture content (g cm−3).

All soil samples were air-dried and passed through 2 and
0.25 mm sieves prior to laboratory analysis. International standard
methods adopted and published by the Institute of Soil Science,
Chinese Academy of Sciences (1978) were used to analyze soil
samples. Soil organic carbon (SOC) was  measured by the potas-
sium dichromate wet combustion method. Total nitrogen (NT) was
measured using the micro-Kjeldahl’s method. Total phosphorus
(PT) was  measured using the Mo–Sb colorimetry method. Total
potassium (KT) was  measured using the hydrofluoric and perchloric

acid (HF–HCLO acid)-flame photometer method. Available nitrogen
(NAvi) was  measured using the alkali diffusion method. Available
phosphorus (PAvi) was  measured by sodium bicarbonate (NaHCO3)
digestion–Mo–Sb colorimetry method. Rapid available potassium
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Fig. 1. Location of the study area.

Table 1
General information of the different shelterbelt sites.

Site Land use Vegetation type Restoration years Coverage (%)

1 Shelterbelt Medicago sativa,  Pennisetum centrasiaticum 26 68
2  Shelterbelt M.  sativa,  Artemisia blepharolepis 11 71
3  Shelterbelt M.  sativa,  A. blepharolepis 7 52
4  Grassland P. centrasiaticum, Agropyron mongolicum – 45
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5  Grassland Cyperus rotundus, Artemisi
6  Grassland Agropyron cristatum, A. sco

KAvi) was measured using the ammonium acetate digestion-flame
hotometer method.

To measure the soil particles and fractal characteristics, soil sam-
les were pretreated in an H2O2 solution (30%, w/w) to destroy the
rganic matter. And then, the soil aggregates were dispersed by
dding sodium hexametaphosphate (NaHMP) and sonicating the
amples for 30 s (Wang et al., 2006; Gui et al., 2010). Furthermore,
he pretreated soil samples were analyzed using a laser diffraction
echnique by Malvern MS  2000 (Malvern, England) with measure-

ent range and error of 0.02–2000 �m and <2%, respectively. Each
ample was measured 5 times for arithmetic mean value. The analy-
is results of soil PSD were output by US Soil Taxonomy standards as
ollow: clay (0–2 �m),  silt (2–50 �m),  and sand (50–100, 100–250,
50–500, 500–1000, and 1000–2000 �m).

Coupling models are commonly used for evaluating soil
esponses to environmental changes (Basso et al., 2012). In this
tudy, the fractal dimension of soil PSD was calculated based on
he volume distribution of soil particle size (Wang et al., 2005; Gui
t al., 2010). The equation is expressed as:

V(r < Ri)
VT

=
(

Ri

Rmax

)3−D

(3)

here r is the soil particle size, Ri is the soil particle size of grade i,
max is the mean diameter of the largest particle grade, V(r < Ri) is
he volume of soil particle sizes less than Ri, VT is the volume of all
f soil particles, and D is the volume-based fractal dimension.

.3. Data analysis
Soil property comparisons among the different sites were
estricted by depth. One-way analysis of variance (ANOVA) was
onducted using SPSS software (Version 17.0). The LSD test (at
aria – 58
– 68

p < 0.05) was  used to compare the means of soil variables. The
results of ANOVA were significant at the level of p < 0.05. The
Pearson correlation coefficient was  used to evaluate relationships
between D and the selected soil properties. The 2-tailed test was
used to distinguish the significant difference of the correlation
(p < 0.01).

3. Results

3.1. Soil physical structure

Physical analyses of the soil revealed the changes in soil PSD,
bulk density, and total porosity in the selected sites (Tables 2 and 3).
The clay, silt, and sand particle contents differed significantly.
Among them, the mean clay and silt contents for each site increased
0.07–4.28% and 7.45–30.06% during the period after the establish-
ment of C. korshinskii shelterbelts, in addition to the decrease in
sand particle contents by 7.52–34.35%, respectively. Furthermore,
in most cases, the C. korshinskii shelterbelt sites had greater clay and
silt contents (4.32% and 42.38%), but lower sand contents (53.30%)
as compared to the matched grasslands. Accompanying the vari-
ations in soil PSD, soil bulk density and total porosity changed as
well (Table 3). Soil bulk density decreased more with the increase
in restoration age, but was lower than that of the matched grass-
land. Meanwhile, soil bulk density within the same site increased
by 0.05–0.12 g cm−3 with increasing soil depth. In contrast, total
porosity showed a reverse trend to bulk density; total porosity
increased with restoration time and was  higher than the matched

grassland. Moreover, the surface layer had greater total porosity. It
is clear that the establishment of C. korshinskii shelterbelts has had
an important influence on the investigated soil’s physical structure,
especially of the surface soil layer (0–5 cm).
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Table  2
Variations of soil PSDs for the different shelterbelt sites.

Site
Layer (cm) Soil PSD (%)

Clay (0–2 �m)  Silt (2–50 �m) Sand (50–2000 �m)

1 0–5 6.58 (1.49)a 62.41 (10.87)a 31.01 (12.35)a
5–10  6.50 (1.66)a 45.37 (17.19)a 48.13 (18.84)a

10–20  6.27 (0.58)a 38.30 (19.68)ab 55.43 (19.82)a

2  0–5 4.08 (0.03)b 30.94 (2.92)bc 64.99 (2.89)b
5–10  3.05 (0.20)b 29.23 (3.30)bc 67.72 (3.50)bc

10–20  2.89 (0.06)bc 31.49 (3.36)ab 65.62 (3.39)ab

3  0–5 3.34 (0.19)bc 50.06 (4.17)d 46.60 (4.36)c
5–10  3.10 (0.08)b 49.68 (4.11)a 47.72 (4.19)a

10–20 3.07 (0.16)bc 43.96 (5.46)a 52.97 (5.58)a

4  0–5 1.57 (0.29)d 15.38 (3.86)e 83.06 (3.62)d
5–10  2.28 (0.36)b 15.61 (2.65)c 82.11 (2.85)c

10–20  2.66 (0.36)c 24.90 (4.01)b 72.45 (4.33)b

5  0–5 2.61 (0.39)cd 28.43 (0.98)b 68.96 (1.05)b
5–10  3.27 (0.09)b 30.68 (2.67)b 66.05 (2.63)b

10–20  3.35 (0.24)b 34.00 (7.72)ab 62.64 (7.95)ab

6  0–5 3.15(0.29)bc 39.41(7.70)cd 57.44(7.89)bc
5–10  3.15(0.32)b 38.60(7.68)ab 58.25(7.72)ab

10–20 3.01(0.40)bc 43.33(4.63)a 53.66(4.41)a

Values in the parentheses indicate standard error (n = 3). Different letter in the same column of same layer are significantly different at the 0.05 level (LSD).

Table  3
Variations of bulk density and total porosity for the different shelterbelt sites.

Item Layer (cm) 1 2 3 4 5 6

Bulk density(g cm−3) 0–5 1.24 (0.07)a 1.35 (0.04)ab 1.39 (0.04)b 1.46 (0.03)b 1.47 (0.05)b 1.41 (0.05)b
5–10  1.31 (0.06)a 1.37 (0.10)ab 1.40 (0.04)ab 1.55 (0.07)c 1.48 (0.06)bc 1.44 (0.00)bc

10–20  1.36 (0.06)a 1.40 (0.08)ab 1.46 (0.06)ab 1.58 (0.03)c 1.49 (0.04)bc 1.47 (0.03)abc

Total  porosity (%) 0–5 52.64 (7.01)a 46.53 (0.40)b 46.01 (2.25)b 36.55 (3.13)c 43.36 (1.75)b 45.56 (1.56)b
5–10  49.34 (6.20)a 45.12 (3.99)ab 45.50 (1.71)ab 40.12 (0.52)b 43.11 (1.69)b 45.07 (3.46)ab
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10–20  49.22 (5.97)a 46.35 (4.94)a 

alues in the parentheses indicate standard error (n = 3). Different letter in the sam

.2. Soil chemical properties

As we can be seen in Table 4, the improvement of soil’s physical
tructure was accompanied by the significant accumulation of SOC
nd nutrients. The shelterbelt made soil prosper with restoration
ime; the oldest shelterbelt site had the most fertile soil. Fur-
hermore, in most cases, SOC and nutrients at each depth were
everal times higher in the shelterbelt sites than compared to the
rasslands; statistical analysis showed that this is obvious in the
helterbelt sites built in 1986. For instance, the increases in SOC
ere 2.4, 2.2, and 1.4 times higher for each soil depth, respectively,

fter the establishment of C. korshinskii shelterbelts in 1986, as
ompared to the matched grasslands. Furthermore, soil nitrogen
ccumulation was faster than other nutrients. In the shelterbelts
ite established in 1986, NT and NAvi were 4.9, 4.3, 3.7 and 2.8,
.0, 2.1 times higher than the adjacent grasslands. Additionally, soil
utrients recovered less with an increase in soil depth; however,
oil KT presented an exception. Soil KT decreased in for each soil
epth with time in restoration areas. Moreover, Soil KT contents

n the sites with shelterbelts were even lower than the adjacent
rasslands.

.3. Soil fractal characteristic and the relationships with soil
roperties

As shown in Table 5, fractal dimensions were calculated by soil

SD data using Eq. (3). Overall, the fractal dimensions for different
ites varied from 2.3946 to 2.6351; D values in site (1) and (4) dif-
ered significantly from other sites. The mean fractal dimensions in
he shelterbelt sites (2.5582 ± 0.0501) were much higher than the
44.61 (2.32)ab 39.00 (1.02)b 43.88 (4.99)ab 43.86 (2.77)ab

 are significantly different at the 0.05 level (LSD).

mean D values in the adjacent grasslands (2.4918 ± 0.0452). Mean D
values of the shelterbelt sites and grassland sites differed from each
other as depth increased. Generally, the mean fractal dimensions
decreased successively with the increasing soil depth in shelterbelt
sites; in contrast, the surface (0–5 cm)  had the lowest mean fractal
dimensions value in the matched grasslands sites.

Linear regression analyses were performed to identify the
strength of correlations between fractal dimensions of soil PSD
and selected soil properties (Figs. 2 and 3). Relating to soil phys-
ical properties (Fig. 3), the fractal dimensions had strong positive
correlations with clay (R2 = 0.870), silt contents (R2 = 0.598), and
total porosity (R2 = 0.654). Conversely, we  found negative corre-
lations with the content of sand particles (R2 = 0.667), and bulk
density (R2 = 0.511). Relating to soil chemical properties, the D val-
ues had positive correlations with SOC, NT, PT, NAvi, PAvi, and KAvi
(R2 = 0.555–0.707, Fig. 3a–c and e–g), and a weak negative correla-
tion with KT (R2 = 0.248, Fig. 3d). Overall, no matter the soil physical
or chemical properties, regression analysis showed that an increase
in the fractal dimensions of soil PSD implies the soil physical struc-
ture improvement and fertility recovery.

4. Discussion

4.1. Changes in soil properties after C. korshinskii shelterbelts
establishment
In desertified Northern China, wind erosion can be reversed
through the implementation of vegetation restoration solutions,
including afforestation, aerial seeding, and straw checkerboards
(Li et al., 1999, 2006; Su et al., 2005). These measures provide
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Table 4
Variations of soil organic carbon and nutrients for the different shelterbelt sites.

Site Layer (cm) SOC (g kg−1) NT (g kg−1) PT (g kg−1) KT (g kg−1) NAvi (mg kg-1) PAvi (mg kg−1) KAvi (mg  kg−1)

1 0–5 8.55 (0.53)a 0.50 (0.05)a 1.43 (0.13)a 16.58 (1.57)ab 36.43 (1.12)a 4.99 (0.57)a 173.83 (10.54)a
5–10 7.93 (0.52)a 0.47 (0.06)a 1.27 (0.18)a 13.83 (1.11)a 29.81 (0.32)a 4.13 (0.31)a 135.83 (22.54)a

10–20  6.95 (0.99)a 0.42 (0.02)a 1.36 (0.01)a 13.90 (1.66)a 33.63 (6.18)a 3.72 (0.26)a 122.33 (10.37)a

2  0–5 7.15 (0.40)b 0.36 (0.03)b 1.32 (0.02)ab 15.09 (0.23)a 30.54 (2.74)ab 3.38 (0.30)b 122.50 (17.69)b
5–10  5.83 (0.26)b 0.33 (0.00)b 1.28 (0.07)a 15.16 (0.25)ab 29.03 (3.71)a 1.62 (0.35)b 103.17 (5.86)b

10–20  5.83 (0.28)ab 0.24 (0.02)b 1.28 (0.05)a 15.44 (1.13)ab 22.87 (3.04)b 2.12 (0.20)b 82.83 (5.69)b

3  0–5 6.16 (0.49)bc 0.31 (0.05)bc 1.15 (0.11)b 14.41 (2.99)a 26.70 (4.02)bc 1.80 (0.24)c 102.50 (21.52)bc
5–10 5.24  (0.08)b 0.24 (0.04)c 1.16 (0.17)a 17.59 (2.29)bc 21.03 (4.66)b 1.70 (0.49)b 94.33 (4.16)b

10–20 4.40 (0.50)c 0.23 (0.03)b 1.17 (0.17)ab 18.85 (1.98)bc 18.78 (6.43)b 1.34 (0.30)c 91.00 (9.04)b

4  0–5 3.62 (0.78)d 0.10 (0.02)d 0.76 (0.06)c 18.46 (1.11)bc 12.97 (3.93)d 1.07 (0.07)d 59.50 (4.36)e
5–10  3.58 (0.79)c 0.11 (0.01)d 0.91 (0.05)b 19.22 (0.75)cd 15.24 (2.28)c 0.89 (0.18)c 56.67 (3.88)c

10–20  4.99 (0.72)bc 0.11 (0.03)c 0.95 (0.20)b 20.32 (1.98)c 16.11 (2.44)b 0.65 (0.05)d 55.00 (4.77)d

5  0–5 6.17 (0.49)bc 0.29 (0.03)c 1.21 (0.08)b 19.95 (1.43)c 20.91 (2.66)c 2.00 (0.08)c 84.33 (10.77)cd
5–10  5.63 (0.47)b 0.25 (0.03)c 1.13 (0.02)ab 20.02 (1.67)d 13.57 (2.07)c 1.61 (0.18)b 71.33 (12.85)c

10–20  5.67 (0.98)b 0.22 (0.01)b 1.13 (0.02)ab 17.90 (3.19)bc 19.65 (6.00)b 1.42 (0.16)c 66.17 (1.04)cd

6  0–5 5.90 (0.63)c 0.28 (0.02)c 1.23 (0.15)b 17.31 (1.13)abc 22.55 (3.86)c 1.75 (0.37)c 69.83 (5.58)de
5–10 5.49 (0.28)b 0.26 (0.00)c 1.13 (0.13)ab 17.71 (1.12)cd 20.41 (0.76)b 1.32 (0.05)bc 70.17 (2.75)c

10–20  5.30 (0.29)bc 0.24 (0.03)b 1.14 (0.17)ab 18.43 (1.27)bc 20.66 (2.43)b 1.20 (0.06)c 68.83 (1.53)c

Values in the parentheses indicate standard error (n = 3). Different letter in the same column of same layer are significantly different at the 0.05 level (LSD).

Table  5
Variations of fractal dimensions of soil PSD for the different shelterbelt sites.

Layer (cm) 1 2 3 4 5 6

0–5 2.6351 (0.0363)a 2.5484 (0.0027)b 2.5408 (0.0109b 2.3946 (0.0163)c 2.4869 (0.0203)d 2.5246 (0.0166)b
5–10  2.6199 (0.0460)a 2.5083 (0.0130)b 2.5310 (0.0067)b 2.4472 (0.0231)c 2.5201 (0.0037)b 2.5227 (0.0157)b
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10–20  2.6106 (0.0238)a 2.5041 (0.0060)bc 2.5259 (0

alues in the parentheses indicate standard error (n = 3). Different letter in the sam

rucial protections against strong and perennial winds that lead to
oil erosion. In this paper, using a substitution of “space for time”,
ur study reveals that the establishment and development of the
. korshinskii shelterbelt on eroded soil causes significantly posi-
ive changes in physical and chemical properties of soil. During this
estoration process, fine particles lower than 50 �m (clay and silt)
ignificantly increased, whereas sand fractions greatly decreased,
ndicating that the reversal of desertification by vegetation accom-

anied progressively accumulation of fine-particle soil. Moreover,
e found that SOC and soil nutrients tended to increase with the

ccumulation of clay and silt particles. Conclusively, wind-induced
esertification not only causes the transportation of soil particles,

ig. 2. Relationships between D values and soil physical properties: (a) particle content 

2-tailed).
b 2.4830 (0.0219)c 2.5258 (0.0178)b 2.5210 (0.0166)b

 are significantly different at the 0.05 level (LSD).

but accompanies soil carbon, nutrient, and functional losses. Simi-
lar conclusions have been reached suggesting that SOC and nutrient
content are closely associated with fine particles soil rather than
coarse sand, throughout the world (Carter et al., 2003; Rumpel et al.,
2004; Arrouays et al., 2006; Jin et al., 2013).

The shelterbelts have more efficient water use efficiency than
other vegetation solutions for anti-desertification, but greatly
diminish wind’s effects by increasing aerodynamic roughness

lengths (Yang et al., 2006). As a consequence, a higher threshold
wind velocity is helpful to protect vulnerable fine surface soils.
Meanwhile, the shelterbelts capture soil particles while obstructing
airflow. Furthermore, the shelterbelts provide a relatively stable

and (b) bulk density and total porosity. **Correlation is significant at the 0.01 level
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ig. 3. Relationships between D values and SOC and nutrients: (a) SOC, (b) NT, (c) PT

icroclimate and microenvironment. Compared to the bare grass-
ands, the shelterbelts areas have weaker erosive winds, lower
llumination, and lower evaporation. Therefore, xerophytic plants
re better at invading and succeeding to in survival and develop-
ent.
Species selection is one of the key factors of great importance

or environmental restoration in arid and semiarid regions. China
s a vast country with a diverse physical environment that provides
nusually favorable conditions for the survival and development
f a large number of plant species (Li, 2004). There are numerous
lants used to combat desertification. However, among them, some
ucceed while others fail (Yang, 1996). Improper species selec-
ion will lead to plants not adapting to the hostile environment of
rought, leading to failure of restoration (Cao, 2008). In our study,
he shelterbelts were formed by native C. korshinskii,  well known
or its ability to resist drought in northwest China (Xu et al., 2012).
he sparse shelterbelts in banding collocate can provide the basic
equirements for water and nutrients. Meanwhile, the planting M.

ativa is also a native species and commonly cultivated as high qual-
ty forage grass. Furthermore, as leguminous plants, rhizobias of C.
orshinskii and M.  sativa help the nitrogen-poor soils prosper due
o the azotification.
T, (e) NAvi, (f) PAvi, and (g) KAvi. **Correlation is significant at the 0.01 level (2-tailed).

4.2. Fractal approach to estimate variations in soil properties and
the implication for desertification

In arid and semiarid regions, soil PSD determines the move-
ment of solutes, heat, and air (Su et al., 2004). More importantly,
soil PSD affects the amount, position, and time of water infiltra-
tion into desert soil, and the water distribution in a soil profile
(Tyler and Wheatcraft, 1990). Therefore, soil PSD is a commonly
used surrogate to reflect soil environment change induced by
desertification (Jin et al., 2013). Previously, soil quality was thor-
oughly investigated by individual fractions and textual analysis
characterizing soil PSD. However, individual fractions emphasize
nutrient-rich fine particles (Gao et al., 2014), and textual analysis
usually fails to represent the differentiations of the same or simi-
lar soil types. Therefore, these methods are faulty in investigating
real soil systems, especially regarding the coarse aeolian soil in arid
and semi-arid regions. In the past few decades, a fractal approach
has been integrated into soil science. Modeling all soil PSD infor-

mation, fractal dimensions are proven to be well matched with
various soil properties and exhibits only slight differences in inde-
pendent soil system studies (Wang et al., 2006; Gui  et al., 2010;
Jin et al., 2013). Therefore, fractal methodology is of considerable
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ntrinsic interest; fractal dimensions of soil PSD can be used as
 practical and descriptive index for quantifying soil degradation
Falconer, 2003). Our analysis also supports this correlation.

Fractal dimensions of soil PSD directly estimate variations in
oil properties and can imply desertification. In the desertifica-
ion process, wind-induced selective removal of fine particle size
oil is accompanied by physical structure damages, organic mat-
er and nutrient loss, water-holding capacity decrease, as well as
ome biological property depletion of soil (Su et al., 2004). During
he reversal of desertification, due to the protection and fertiliza-
ion of xerophytic plants and artificial engineering (e.g. the straw
heckerboard technique), soil clay and silt particles increase and
and particles decrease accompanying SOC and soil nutrient recov-
ry and improvement. In short, the decrease of D values indicates
oil particle coarsening and soil nutrient loss, and the increase of

 values indicates the soil particles refinement mentioned above.
ractal dimensions are not only a sensitive parameter to reflect vari-
tions in soil properties, but a considerable and reliable surrogate
elating to the desertification process.

In practice, the fractal approach realizes the possibility of quan-
ifying estimations of the variations in soil properties by using a
ingle parameter. China has been implementing unprecedented
arge scale environmental restoration efforts to combat deserti-
cation in arid and semiarid regions. Fractal dimensions provide
n efficient and useful tool for the assessment of program’s effi-
acy. Moreover, fractal dimensions also signal a potential risk of
ind-induced erosion. Generally, areas with high D values indicate

bundant fine particles and fertilizer. However, once land loses its
recious xerophytic plants as a protector, the loose soil will endure
trong dry-hot wind. Fertile soil will be eroded in a short term,
hile gaining it back is a long-term process. According to our study,

ight grazing caused significant soil erosion induced by wind. Scien-
ific conservation and management of existing natural and artificial
egetations, as well as the engineering measures, is as important
r more important than the on-going works.

. Conclusions

C. korshinskii shelterbelts represent an important vegetation
estoration type to combat desertification and are widely used in
rid and semiarid regions of desertified Northern China. According
o our study, after the establishment of C. korshinskii shelterbelts,
ositive changes in most of the selected soil physical and chem-

cal properties within the shelterbelts were more rapid than in
djacent, untreated grasslands. Furthermore, we believe that the
lanting of M.  sativa has greatly improved soil nitrogen due to
zotification. Fractal analysis showed that there existed significant
p < 0.05) linear relationships between PSD-based fractal dimen-
ions and measured soil properties. Thus, we recommended D as

 sensitive and considerable integrated surrogate to reflect and
ssess variations in soil properties implying desertification. This
tudy provides basic information on desertification processes and
s instructive on desert ecosystem restoration.
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