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Abstract
Purpose An understanding of soil moisture heterogeneity
across spatial scales has been considered to be critical to
eco-hydrological research and particularly important for
vegetation restoration in semi-arid areas. This study aimed
to investigate the spatial variance of deep soil moisture at
multiple scales in the semi-arid Loess Plateau of China. The
relative importance of the related factors and the dominant
driver of soil desiccation were especially discussed.
Materials and methods The impact factors in this study are
related to slope positions, land use types and precipitation. To
understand the relative importance of these factors to soil
moisture, the experiment was conducted at three spatial scales
(slope, small catchment and region) according to the impact
scope of each factor. The soil moisture to a depth of 4 m had
been obtained by in situ sampling in nine catchments along
the precipitation gradients from south to north across the semiarid area of the Loess Plateau. The terrain, soil and vegetation
properties were investigated synchronously. The common
characteristics of soil moisture spatial variance were extracted
by comparing the soil moisture profile in the plots/catchments
with different climate and terrain properties.
Results and discussion At slope scale, the deep soil moisture (>100 cm) was heterogeneous in grasslands, while
relatively homogeneous in planted shrub/forest lands. At
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catchment scale, the influence of slope position on soil
moisture was not significant compared with the influence
of land use types. The deep soil moisture difference between
slope positions was less than 4% in grasslands and less than
1.5% in planted shrub/forest lands, while reaching 9.7%
between land use types. In the catchments, the soil moisture
of different land use types commonly ranked as farmland >
grassland > planted forest land, despite the climate difference in each catchment. At regional scale, precipitation was
a significant factor influencing soil moisture spatial variance,
but the influence was rather slow compared with the influence
of afforestation.
Conclusions The land use type was the dominant factor of
soil moisture spatial heterogeneity, rather than the slope
positions and precipitation change. The afforestation was
the major driver of soil desiccation in the semi-arid Loess
Plateau of China. In consideration of the soil moisture
conservation and the vegetation sustainable development,
we suggested that abandoning slope farmland to natural
grassland was a more effective measure for ecological
recovery in the semi-arid Loess Plateau of China.
Keywords Factor . Loess Plateau . Scale . Soil moisture .
Spatial variation

1 Introduction
Soil moisture is a fundamental property affecting plant
growth, transport and transformation of soil nutrients, and
water and energy budgets in the soil–plant system. The
spatial variation of soil moisture has important implications
for all of these processes (Ersahin and Brohi 2006).
Soil moisture varies greatly across space and time based
on different soil properties (Timm et al. 2006), topographic

J Soils Sediments (2012) 12:694–703

features (Western et al. 1999; Yeh and Eltahir 1998; Ali et
al. 2010), vegetation characteristics (Gomez-Plaza et al.
2001; McLaren et al. 2001; Miyamoto et al. 2003) and
atmospheric dynamics (Ramos and Mulligan 2005; Teuling
et al. 2007). From the past research, soil moisture measurements are available only at a very fine scale (at in situ
monitoring facilities, e.g., gravimetric sampling or time
domain reflectrometry) or at a very coarse scale (by remote
sensing retrieval) on a regular basis (Das et al. 2010).
Because in situ measurements are cost-intensive and timeintensive, the remote sensing methods were greatly relied on
for the estimation of soil moisture in fields at larger spatial
scales (Joshi and Mohanty 2010). Many multi-scale soil
moisture studies have been conducted with the aid of a
modeling approach to bridge the gap between in situ measurements and remote sensing methods (Das et al. 2010;
Brocca et al. 2010; Fu et al. 2011).
However, research on a large spatial scale based on
remote sensing methods is difficult to be applied to the study
of deep soil moisture because the remote sensing technology
can only be used to derive the soil moisture characteristics at
the surface (Zribi et al. 2003). The Loess Plateau of China,
characterized by expansive loess, has a vast soil reservoir
more than 50 m in depth (Zhu et al. 1983), which influences
the surface–atmosphere water interaction and vegetation
growth. In recent decades, many researchers found that
desiccation widely occurs in deep soil across the whole
Loess Plateau and is especially severe in arid and semiarid regions, threatening the vegetation restoration practices
(Chen et al. 2008a; Shangguan 2007). Therefore, more and
more concerns have been focused on the changes in deep
soil water availability and the driving factors for those
changes (Wang et al. 2009b; Liu et al. 2010). Because of
the limits of remote sensing technology for obtaining deep
soil moisture, most studies of the deep soil moisture in the
Loess Plateau were based on ground measurements and
conducted at catchment scale. These studies mainly focused
on the temporal and spatial variation of deep soil moisture
and its relation to soil properties, terrain properties (Bi et al.
2008; Qiu et al. 2001) and land use types (Wang et al.
2009b, 2011; Zeng et al. 2011; Chen et al. 2007; Fu et al.
2003) as well as on the spatial interpolation of soil water
content (Wang et al. 2010a).
At a regional scale, previous studies about deep soil
water in the Loess Plateau were not sufficient. Wang et al.
(2004) had surveyed the deep soil water in planted Robinia
pseudoacacia forest lands across nine counties in the north
of Shaanxi Province and classified the drought soil into four
typical zones according to the degree of dryness. Chen et al.
(2004) had compared the soil moisture difference between
planted forest and natural vegetation in three vegetation
zones in north Shaanxi. Wang et al. (2010a) had sampled
widely across the entire Loess Plateau to address the spatial
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variations in dried soil layer thickness and formation depth
and analyzed the relationship of those variations with
topography, land use types, rainfall, soil types and other
factors.
At a field scale, the past research into the spatial characteristics of soil moisture was mainly related to the upper 100
cm depth, by dense sampling and geostatistical methods to
study the spatial interpolation of soil water content in a plot
(Yun et al. 2010). It is impractical to sample densely in a plot
when investigating deep soil moisture, because deep sampling is both difficult and destructive to experimental plots.
Thus, field scale research of the spatial characteristics of
deep soil moisture is rare.
In the past studies, geostatistical techniques were the
most popular method to characterize the spatial patterns of
soil moisture and the relation to controlling factors (Bi et al.
2009; Wang et al. 2001; Zhao and Shao 2010). Additionally,
linear regression models, principal component analysis and
orthogonal function analysis (EOF) were widely used to
identify the factors controlling soil water variation (Qiu et
al. 2010; Bi et al. 2008).
In light of the past efforts, the assessment of soil moisture
at different spatial scales is a key challenge because of the
nonlinear dependence of soil moisture dynamics on geophysical parameters such as soil type, vegetation, topography and atmospheric forcings. At small scales (field or small
watershed), soil moisture variability is greatly influenced by
the interaction between soil, vegetation and topography
(Grayson et al. 1997). At large scale (regional), soil moisture
spatial pattern is dominated by precipitation and radiative
forcings (Li et al. 2009; Das et al. 2010). Therefore, to
identify the relative importance of individual factors, studies
should be conducted over multiple spatial scales.
We investigated the spatial pattern of deep soil moisture
and associated physical controls at multiple scales (slope,
small catchment and region) in a semi-arid hydroclimatic
region of the north-central Loess Plateau, China. Our objectives were to better understand the spatial variance of soil
moisture on different scales and to identify the relative importance of controlling factors. The results would be beneficial to
understand the causes of soil desiccation in semi-arid region
of the Loess Plateau and provide valuable information for
plant restoration and land management practices.

2 Methods
2.1 Study plots
The experiment was conducted in the north-central Loess
Plateau of northern Shaanxi Province, China (36.1°–39.4°N,
109.1°–111.1°W), characterized by semi-arid climate and
hill-gully terrain with sandy and loam soils.
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Yang et al. (1994) had divided the whole Loess Plateau into
six eco-hydrological zones based on the integrated analysis of
soil water background, precipitation, evapotranspiration and
soil water balance. The soil water balance was based on the
change of soil moisture in 200 cm soil depth, depending upon
whether the soil water content could reach or near the field
capacity after the wet season. In zone I, the soil moisture in 200
cm depth could reach the field capacity at end of the wet
season. In zone II, only the upper 100 cm soil moisture probably reaches the field capacity. From zone III to zone VI the
soil moisture could hardly reach the field capacity throughout
the year. We had investigated nine catchments in different ecohydrological zones along the precipitation gradients (Table 1).
In the southern semi-equilibrated zone, Renjiatai, Yangou
and Baijiachuan catchments were investigated. In this zone,
the annual average air temperature was 9.0–9.2°C, accumulated temperature above 10°C was 3000–3500°C, annual
rainfall was 510–550 mm, annual water surface evaporation
was 1400–1900 mm, local soil was dark loessial soil of
medium loam, and field capacity and wilting moisture were
22% and 9%, respectively.
In the periodic soil moisture deficit zone, Zhifanggou,
Pingqiao and Jiuyuangou catchments were investigated. In
this zone, the annual average air temperature was 6.1–8.8°C,
accumulated temperature above 10°C was 2000–3000°C,
annual rainfall was 400–500 mm, local soil was cultivated
loessial soil of light loam, and field capacity and wilting
moisture were 19% and 5%, respectively.
In the low soil moisture loss zone, Jinfuping, Liudaogou
and Huangfu catchments were investigated. In this zone, the
annual average air temperature was 7.3°C, accumulated
temperature above 10°C was 2000–3200°C, annual rainfall
was 350–400 mm, annual water surface evaporation was
1700–2500 mm, local soil was cultivated loessial soil of
sandy loam, and field capacity and wilting moisture were
17% and 4.5%, respectively.

Within each of the nine catchments, four typical land use
types were chosen, including slope farmland, abandoned
farmland covered with natural grasses, planted Robinia
pseudoacacia forest land and planted Caragana korshinskii
or seabuckthorn shrub land. The area of each plot was
10 m×20 m. All the forest/shrub lands and grasslands used
to be slope farmlands before they were planted or abandoned. The residual unconverted slope farmlands had been
cultivated for over 50 years, with the major crops being
corn, soybeans and millet. The environmental characteristics
of each catchment are shown in Table 1. The positions of the
catchments are shown in Fig. 1.

2.2 Field measurements
The soil moisture measurement was conducted in July and
August 2009 and July 2010. During this period, each plot
was measured for one time in our experiment. Within each
plot, three spatial replicates were taken along the slope. One
or two additional spatial replicates were taken for the natural
grasslands according to our experience that the soil moisture
variation was more noticeable in the grassland, which will
be discussed subsequently. Within each plot, the sampling
points were distributed along the slope with about 10-m
intervals.
The soil samples were extracted using a soil auger with
20 cm intervals down the soil profile to a depth of 400 cm.
Once extracted from the ground, the samples were placed in
aluminum cans with tight-fitting lids, and the gravimetric
water content (GWC) was determined from the weight loss
after oven drying at 105°C to a constant mass. The soil bulk
density (BD) was measured synchronously in each plot
using ring-cut. Then the volumetric water content (VWC)
was calculated by multiplying the GWC and the BD and
dropping the units.

Table 1 The characteristics of the eco-hydrological zones
Vegetation zones

Heat zones

Soil water ecological zones

Broad-leaf forest
Forest grassland

Warm temperate zone
Warm temperate zone

I Balanced soil water compensation zone
II Semi-equilibrium soil water compensation zone

Typical grassland

Warm temperate–temperate zone

III Periodic soil water deficit zone

IV Low soil water loss zone

Desert grassland

Temperate zone

V Unbalanced soil water cycle zone
VI Intense soil water cycle deficit zone

Catchments

Renjiatai
Yangou
Baijiachuan
Zhifanggou
Pingqiao
Jiuyuangou
Jinfuping
Liudaogou
Huangfu

Precipitation (mm)
600–750
510–550

400–500

350–400

250–350
<250

J Soils Sediments (2012) 12:694–703

697

Fig. 1 The distribution of the
investigated catchments

In field, we used a GPS receiver with 5-m precision to
obtain the altitude, longitude and latitude, which were later
imported into a geographic information system (Arc/Info) as
Albers coordinates. The slope’s degree and aspect were
measured with a geological compass. The land use types,
primary soil types and vegetation species and coverage (%)
were estimated by observation. The restoration years of each
site were obtained from local people familiar with the site's
history. A part of the soil samples were conserved to examine the soil texture using a laser diffraction size analyzer
(Mastersizer 2000, Malvern Instruments Limited, Worcestershire, UK) in laboratory. To avoid the effect of soil
properties difference, several plots with unusual soil texture
were excluded from this study. The soil texture involved in

this study was mainly loessial sandy loam soil with the silt
particles being 65–75% and bulk density being 1.2–1.4 g/cm3
according to laboratory measurements.

2.3 Experimental design and statistical methods
At slope scale, three land use types, including natural grassland, planted shrub land and planted forest land, were selected to characterize the spatial variation of soil moisture
within a plot (Table 2). The statistic range (the difference
between the lowest and highest values) was used to measure
the soil moisture difference between slope positions. The
larger the range, the lower probability that the soil moisture
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Table 2 The details of the plots and the soil moisture ranges within each plot
Land use types

Location

Dominant species

Growth
years

Slope
aspect

Gradient

Range (%)
20–80 cm

80–400 cm

8

1.8

3.2

31
33

2.2
1.1

5.6
3.1

Grassland 1

Renjiatai

Lespedeza davurica, Artemisia vestita

20

South

Grassland 2
Grassland 2

Zhifanggou
Zhifanggou

Bothriochloa ischaemum, Artemisia vestita
Artemisia vestita, Lespedeza davurica

20
16

Southwest
North

Planted shrub land 1

Jinfuping

Hippophae reamnoides

10

Southwest

21

2.1

0.9

Planted shrub land 2

Jinfuping

Hippophae reamnoides

8

Northeast

25

1.0

0.7

Planted shrub land 3

Zhifanggou

Caragana korshinskii

16

North

33

3.3

1.5

Planted forest land 1

Zhifanggou

Robinia pseudoacacia

26

South

27

3.0

0.8

Planted forest land 2
Planted forest land 3

Zhifanggou
Renjiatai

Robinia pseudoacacia
Robinia pseudoacacia

33
25

Northeast
Northeast

33
8

4.1
1.6

2.2
1.2

at any one position could represent the average condition of
the whole plot.
At small catchment scale, to analyze the influence of land
use types on soil moisture, six catchments were chosen to
compare the soil moisture between slope farmland, natural
grassland and planted R. pseudoacacia forest land. The grasslands had been restored over 10 years, and the planted R.
pseudoacacia forest lands had been restored over 20 years.
In each catchment, the three types of land use are located
on comparable slopes with similar gradient (about 20°)
and aspect (Table 3).
In semi-arid regions of the Loess Plateau, soil moisture
strongly depends on the precipitation. At regional scale, in
each ecological zone, three plots of slope farmlands, grasslands and planted forest lands with similar terrain and soil
properties were selected to compare the soil moisture various along the precipitation gradients. The average soil moisture of each land use types in each zone was calculated. The
annual precipitation of each catchment was estimated using
Kriging’s interpolation method based on the monthly precipitation data from 1951 to 2009 from 81 weather stations
in the Loess Plateau. The data were downloaded from the

Table 3 The average soil moisture content of various land use types in
each catchment
Catchments Slope Average soil moisture content
aspect (%) (20–400 cm)

North
South
South
South
North
North

23.4
17.8
16.0
12.1
15.4
12.4

17.8
12.9
13.5
9.7
6.8
9.3

10.5
7.6
7.4
5.2
4.7
3.8

3 Results
3.1 Soil moisture characteristics at a slope scale

Farmland Grassland Forest land Range (%)
Renjiatai
Yangou
Zhifanggou
Pingqiao
Jiuyuangou
Huangfu

Loess Plateau Data Sharing and Server Center (http://loess.
geodata.cn/Portal/index.jsp).
The field measurements had lasted more than 1 month.
During this period, several light rainfalls (< 10 mm) occurred in some catchments. Because the influence depth of
light rainfalls on soil moisture was generally considered not
beyond 60 cm in the Loess Plateau (Li et al. 2006), we
ignored the upper 100 cm soil moisture data to make sure
that the influence of rainfalls had been excluded when
comparing the soil moisture at regional scale. The soil
moisture below 100 cm depth had been proved fairly stable
in certain time scale in case of no heavy or continuous rains
(Li et al. 2006; Wang et al. 2010a). And the soil moisture
below 200 cm may keep unchanged for many years (Wang
et al. 2009b). This is the reason why we focused our experiment on the spatial variation and concerned less about the
temporal variation of deep soil moisture in this study.
Partial correlations were used to evaluate the degree of
the association of the soil moisture and related factors at
regional scale.
Excel 2003 and SPSS 13.0 were used to perform statistical analyses, and Origin 7.5 was used to draw diagrams.
ArcGIS 9.2 was used to produce the maps.

12.9
10.2
8.6
6.9
10.7
8.6

In 20–80 cm soil layer, the range of soil moisture between
slope positions was 1.7% in grassland, 2.9% in planted
forest land and 2.1% in planted shrub land (Fig. 2). The soil
moisture lateral variance was more obvious in planted forest/shrub lands than that in natural grasslands in this layer.
In 100–400 cm soil layer, the corresponding ranges were
4.0%, 1.4% and 1.0%, respectively. The soil moisture lateral
variance was significant in grasslands but relatively obscure
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Fig. 2 Soil moisture profile
characteristics of different land
use types at slope scale
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in planted forest/shrub lands in this layer. Moreover, the
significant variance commonly existed in grasslands, no
matter whether the average soil moisture of the plot was
higher (grassland 1) or lower (grassland 2). Comparatively,
the soil moisture in 100–400 cm depth was generally low
and homogeneous in planted forest/shrub lands, with the
average soil moisture being 6–9%. In addition, the soil
moisture in lower positions was not always higher than that
in upper positions in the nine plots in Fig. 2. Actually, we
did not find any correlation between soil moisture and slope
positions in all the land use types in our investigation.
3.2 Soil moisture characteristics at a catchment scale
Figure 3 displays the soil moisture profile characteristics of
different land use types at small catchment scale. In farm
land, the soil moisture content ranged from 12.1 to 23.4% in
the six catchments, with the average value being 16.2% (see
Table 3). In grasslands, the soil moisture content ranged
from 6.8 to 17.8%, with the average value being 11.7%. In
planted R. pseudoacacia forest land, the soil moisture content ranged from 3.8 to 10.5%, with the average value being
6.5%. In all the six catchments, the common trend of soil
moisture content was farmland>natural grassland>planted
forest land, despite the different climate background and

4 6 8 10 12 14 16 18 20 22 24

4 6 8 10 12 14 16 18 20 22 24

4 6 8 10 12 14 16 18 20 22 24

ante-precipitation in each catchment. This means that this
trend commonly existed and was relatively stable regardless
of the climate difference in a catchment. The deep soil water
content (> 100 cm) of planted forest land was close to 9% in
Renjiatai catchments, 5% in Yangou and Zhifanggou catchments and 4% in Pingqiao, Jiuyuangou and Huangfu catchments, which all neared the local wilting point (see Fig. 3). The
soil moisture of grassland was significantly different in different
catchments, but always lower than that of farmland and higher
than that of forest lands. In some cases (such as Zhifanggou and
Huangfu catchments), the soil moisture of grasslands was lower
than that in farmland in the upper 200 cm soil, but close to it in
the 200–400 cm soil. This result corresponds to the study by
Wang et al. (2009a), who indicated that the soil moisture
depletion depth was about 200 cm in natural grassland.
3.3 Soil moisture characteristics at a regional scale
At regional scale, the partial correlation coefficients between soil moisture and precipitation, slope gradient, slope
aspect and restoration years were calculated for different
land use types (Table 4). The precipitation and soil moisture
showed significantly positive correlation in grassland and
shrub/forest land, with the correlation coefficient over 0.8.
However, the correlation was not significant in farmland.
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The correlation between slope gradient/aspect and soil moisture was not significant for all the land use types. This
means that they are not the main factors impacting soil
moisture at regional scale. The restoration years and soil
moisture were negatively correlated in planted forest land
(r0−0.55, p<0.05), but not significantly correlated in the
other land use types. Based on this result, only the planted
forests with about 20 years were chosen to compare with
other land use types in the other section of this study.
From the results we conclude that precipitation was the
major factor impacting soil moisture compared with the
other related factors at regional scale.
Additionally, several comparable plots were selected in
different eco-hydrological zones to display the soil moisture
change along the precipitation gradients. The results showed
that the soil moisture content generally decreased with decreasing regional precipitation for the three land use types (Fig. 4).
From zone II to zone IV, the annual precipitation decreased
about 188 mm, while the soil moisture decreased about 3% in
farmland, 4% in grassland and 5% in planted forest land.
Table 4 The partial correlations between soil moisture and the related
factors
Land use types

Precipitation
Gradient
Slope aspect
Restoration years

Farmland
(N07)

Grassland
(N013)
b

0.056

0.812

0.369
−0.479
−

0.048
−0.133
−0.377

Shrub land
(N09)
a

0.809
0.368
−0.404
−0.735

N is the available sample numbers
a

Correlation is significant at the 0.05 level (2-tailed)

b

Correlation is significant at the 0.01 level (2-tailed)

16

20

24

20

24

0
50
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300
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450

0

4

8

0

4

8

Jiuyuangou

Forest land
(N021)
b

0.809
−0.223
0.116
−0.550a
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50
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12

16

12

16
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0
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12

16

Forestland
Grassland
Farmland

4 Discussion
Because the dense sampling of deep soil would severely
damage experiment plots, the research on deep soil moisture
spatial heterogeneity at slope scale was rare. Thus, little is
known about the spatial heterogeneity of deep soil moisture
within a plot. In previous studies, many researchers tried to
reduce the spatial sampling replicates to decrease the workload and the damage to experiment plots as possible, ignoring the heterogeneity of soil moisture in different land use
types. The number of sampling replications was always
subjectively decided and apportioned equally in all land
use types in their studies (Wang et al. 2010b, 2008, 2009a;
Ren et al. 2010). This study revealed the heterogeneity of
deep soil moisture in different land use types at slope scale
and provided primary reference for apportioning spatial
20
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Precipitation
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Fig. 3 Soil moisture profile
characteristics of different land
use types at small catchment
scale

Ecological Zones

Fig. 4 The average soil moisture of different land use types in each
ecological zone
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replications among different land use types to balance the
study accuracy and the workload.
In the grasslands, the soil moisture was relatively homogeneous in 20–80 cm soil layer but rather heterogeneous in
100–400 cm soil layer within a plot. This means that the soil
moisture at any one position could hardly represent the
general condition of the whole plot. On the contrary, in the
planted forest/shrub lands, the soil moisture profile was
uniform at different slope positions, especially below a
depth of 100 cm. It is well acknowledged that root–soil
interaction tends to equalize soil water content in the root
zone (Das et al. 2010; Ivanov et al. 2010; Mohanty et al.
2008). The homogenization effect of vegetation could diminish the spatial heterogeneity caused by local topography
(Vivoni et al. 2007; Hawley et al. 1983). And this homogenization effect was particularly obvious in the planted
forests, which were characterized by deep roots, simple
community composition and uniform age structure. Furthermore, although the plots (see Fig. 2) were located in different catchments with different climate backgrounds and
terrain properties (see Table 2), the slope-scale soil moisture
spatial characteristics were similar for the same land use
type. This means that these slope-scale characteristics of
soil moisture may commonly exist, regardless of the difference of climate and terrain. Thus, we suggest that more
spatial replicates should be taken in the grassland when
studying deep soil moisture (>80 cm) and that more spatial
replicates should be taken in the planted forest land when
studying shallow soil moisture (<80 cm) in semi-arid area of
the Loess Plateau.
In all the investigated catchments, the soil moisture difference between land use types was rather significant. The
ranges of soil moisture between land use types reached 6.9–
12.9% in the six catchments (see Table 3). In contrast, the
ranges between different slope positions were less than 3%
in 20–80 cm depth and less than 4% in 100–400 cm depth
(see Table 2). Therefore, we conclude that the difference of
land use types induced higher spatial soil moisture heterogeneity than slope position in the Loess Plateau of China.
The grasslands and forest/shrub lands used to be slope
farmlands before they were abandoned or planted, which
were similar to the current unconverted farmlands in this
study. If all the farmlands had not been converted, the soil
moisture in similar slopes should be similar. Thus, the
current significant difference of soil moisture between
similar slopes should be mainly caused by the difference of the
restored vegetation. From this study, the grassland had
decreased 2.4–5.6% soil water content, while the planted
forest land had decreased 6.9–12.9% compared with
the unconverted farmland. And all of these happened
in less than 30 years.
Precipitation difference does impact soil moisture significantly as we analyzed at regional scale. However, the
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precipitation change is a rather slow process at time scale,
and even getting a definite changing trend needs hundreds
of years (Lu 2009). The soil moisture decrease was only 3–
5% when the precipitation decreases about 188 mm. It is
rather gentle compared with the influence of vegetation.
The drivers of soil desiccation in the Loess Plateau had
been a research focus, but the dominant drivers have still not
been determined clearly. Some researchers considered that
climate drying was a major driver of soil desiccation (Yang
et al. 1999; Li and Shao 2001), while others thought that
inappropriate afforestation was the major driver (Li 2001).
Yang et al. (1999) found that the degree of soil desiccation
closely depends on the regional precipitation. Li (2001)
indicated that the degree of soil desiccation was closely
related to the type, density, growth years and root characteristics of planted forests (Ren et al. 2010; Xu et al. 2003). In
this study, we confirmed that both precipitation and vegetation had significant influence on soil moisture. However, the
influence of precipitation change on soil moisture was slow
and gentle, while the influence of planted forests/shrubs on
soil moisture was dramatic in the recent decades. Therefore,
we believe that the dominant driver of soil desiccation in the
Loess Plateau is afforestation. To prevent soil desiccation,
the choice of proper restoration way is a major challenge.
Furthermore, although both the grasslands and planted
forest/shrub lands had induced soil desiccation compared with
the unconverted farmlands, desiccation was much slighter in
the grasslands than that in planted forest lands. In the natural
grasslands, the vegetation community could keep selfsuccession and sustainable development (Zhu and Huang
1993). In the planted forest/shrub lands, the soil moisture
content commonly dropped to the wilt moisture level in deep
soil. Self-thinning continually occurred with increasing years
under the planted forests, whether in dryer or wetter area. We
investigated two planted R. pseudoacacia forest lands which
had been planted over 40 years. These lands could hardly still
be forest lands but grasslands because most of the trees had
died. Another problem was that the planted forest/shrub lands
were unable to keep healthy self-succession (Hou and Han
2000), and it would be difficult to replant trees or other deeproot plants on the dried land in a long time (Wang et al. 2003;
Wang 2007). That was very disadvantageous to the vegetation
restoration project in the Loess Plateau.
Due to the intense soil erosion on slope farmland, most of
the farmlands had to be re-vegetated in the Loess Plateau (Su et
al. 2011). To our knowledge, both natural grassland and planted
forest/shrub land had excellent effect on preventing soil erosion
(Chen et al. 2008b). In consideration of the soil moisture
conservation and the vegetation sustainable development, we
suggest that natural grassland is a better choice than planted R.
pseudoacacia land for ecological recovery, especially in the
northern loess zone with low soil moisture, where the planted
trees grow poorly and hardly produce any ecological benefit. In
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the central semi-equilibrated zone, such as the Renjiatai catchment, once the farmland was abandoned, it would be recovered
by dense grasses in several months and then be replaced by
native shrubs or trees (mainly Populus davidiana and Quercus
liaotungensis) in several decades which have better ability of
self-regulation and long-term survival than planted forests
(Wang et al. 2005). Thus, we suggest that in the north-central
Loess Plateau, abandoning of slope farmland is a more effective
measure for ecological recovery.

5 Conclusions
At slope scale, the deep soil moisture (> 100 cm) was rather
heterogeneous in the grasslands, while relatively homogeneous in the planted forest/shrub lands. And this phenomenon commonly existed despite the difference of climate,
ante-precipitation and terrain properties between the plots.
More spatial replicates were necessary in the grassland than
in the planted shrub/forest land when investigating the deep
soil moisture.
At small catchment scale, the average soil moisture content in 20–400 cm depth commonly ranked as farmland >
natural grassland > planted forest land. This rank of soil
moisture between land use types commonly existed in all
the catchments, despite the climate difference in each
catchment. The restored grass and planted forest had all
induced soil desiccation compared with the unconverted
farmlands, but the desiccation was much slighter in the
grasslands than that in the forest lands. The soil moisture
in the planted R. pseudoacacia forest lands had generally
dropped to wilt point in less than 30 years.
At regional scale, the precipitation was a significant
factor to soil moisture according to the correlation analysis.
However, the influence of precipitation change on soil
moisture would be a slow and gentle process. Comparatively, the afforestation had decreased soil moisture dramatically
in less than 30 years, with the decrease reaching 6.9–12.9%
compared with the unconverted farmland. Therefore, we
identified that afforestation was the major driver of soil
desiccation in the Loess Plateau of China.
Based on an overall consideration of the effect of soil
erosion prevention, soil moisture conservation and vegetation sustainable development, we suggested that the abandonment of slope farmland was a better restoration measure
in the north-central Loess Plateau.
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