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Abstract

The spatial pattern of soil water content (SWC) determines the success of vegetation restoration in semi- and arid regions. The
Qilian Mountains in China are in a semi-arid area where decades of environmental degradation prompted large-scale restoration
efforts with a native constructive species Picea crassifolia. However, the relationships between SWC and landcover are not clear
in this area, hindering woodland restoration. In this study, we determined spatial distribution and characteristics of SWC in
the Qilian Mountains in four main types of landcover. Our results revealed that 1. SWC decreased in the order of natural
forest, brushland, grassland, planted forest, and mixed forest, but it was significantly different only in natural forest (p<0.05);
2. planted forest exhibited a lower SWC at young ages (less than 50 a) than natural forest, brushland or grassland, and the
ecohydrological effect of afforestation exhibited hysteresis at long time scales; 3. a variogram analysis and Kriging interception
of the spatial pattern of SWC showed that shrubland and grassland exhibited superior adaptability to local SWC compared
with afforestation. The differences in SWC among various landcover types indicated that strengthening the maintenance and
protection of natural forests is more important for restoration efforts than afforestation; furthermore, in semi-arid regions,
shrubs and grasses are more suitable for use in ecological restoration than forest plantations.

Spatial heterogeneity of soil water content on surface land following reforestation in a semi-arid region

Junjun Yanga, Zhibin Heb,11Corresponding author. E-mail address: junjun_yang@126.com., Jianmin Fenga,
Pengfei Linb, Jun Dub, Lingxia Guoa, Yufeng Liua, Meng Koua, Guohua Wangc, d, Jialiang Yane

a College of Resource & Environment and Historical Culture, Xianyang Normal University, Xianyang 712000,
China

b Linze Inland River Basin Research Station, Chinese Ecosystem Research Network, Key Laboratory of Eco-
hydrology of Inland River Basin, Northwest Institute of Eco-Environment and Resources, Chinese Academy
of Sciences, Lanzhou 730000, China

c College of Geographical Sciences, Shanxi Normal University, Taiyuan 030000, China

d Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Science, Lanzhou 730000, China

e Institute of Geography Science, Taiyuan Normal University, Jinzhong 030619, Shanxi, China

1



P
os

te
d

on
A

ut
ho

re
a

27
Ja

n
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

33
04

41
.1

00
85

85
9/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Abstract :

The spatial pattern of soil water content (SWC) determines the success of vegetation restoration in semi-
and arid regions. The Qilian Mountains in China are in a semi-arid area where decades of environmental
degradation prompted large-scale restoration efforts with a native constructive species Picea crassifolia .
However, the relationships between SWC and landcover are not clear in this area, hindering woodland
restoration. In this study, we determined spatial distribution and characteristics of SWC in the Qilian
Mountains in four main types of landcover. Our results revealed that 1. SWC decreased in the order of
natural forest, brushland, grassland, planted forest, and mixed forest, but it was significantly different only in
natural forest (p<0.05); 2. planted forest exhibited a lower SWC at young ages (less than 50 a) than natural
forest, brushland or grassland, and the ecohydrological effect of afforestation exhibited hysteresis at long time
scales; 3. a variogram analysis and Kriging interception of the spatial pattern of SWC showed that shrubland
and grassland exhibited superior adaptability to local SWC compared with afforestation. The differences in
SWC among various landcover types indicated that strengthening the maintenance and protection of natural
forests is more important for restoration efforts than afforestation; furthermore, in semi-arid regions, shrubs
and grasses are more suitable for use in ecological restoration than forest plantations.

Keywords: Soil water content, Spatial heterogeneity, Semi-arid region, Plantation, Kriging interception

1. Introduction

Spatial distribution of surface soil water content (SWC) is significant to the interaction between vegetation
and soil moisture in semi-arid and arid areas (Brocca et al., 2007; Zhao et al., 2020), and reveals how
hydrological dynamics are linked to ecological patterns and processes (Grayson et al., 1998; Robinson et al.,
2008; Seneviratne et al., 2010). In fact, the amount and spatial distribution of SWC directly determine the
patterns and population abundance of vegetation (A et al., 2019; Brocca et al., 2010). In semi-arid regions,
the presence and absence of seasonal vegetation showed highest correlation with SWC (Gomez-Plaza et al.,
2000), while areas with little vegetation were mostly affected by local controls such as slope and soil texture
(Gómez-Plaza et al., 2001).

The Qilian Mountains in northwestern China is an extensive area with semi- and arid climate. The area
is also a source of numerous inland rivers which support extensive irrigated agriculture in the Hexi River
Corridor. Several afforestation projects have been implemented in the area to conserve soil and water, control
desertification, and to produce wood (Wang et al., 2010), P. crassifolia is the main constructive species in
the Qilian Mountains (Zhao et al., 2011). Therefore, planting and management of P. crassifoflia forests is
likely to have a profound impact on the stability and development of the Hexi River corridor ecosystem
(Baroni et al., 2013; Vereecken et al., 2008) due to increased demands on the SWC.

The spatial pattern of SWC is driven by many environmental factors, including soil type, topography,
vegetation, and the quantity of local precipitation (Brocca et al., 2007). Liu et al. (2013) analyzed vegetation
patterns and hydraulic properties of surface soils in an alpine catchment, and showed that the surface SWC
pattern was controlled mainly by terrain-related processes. In a loess hilly region of China, SWC determines
a self-organized vegetation pattern in arid environments, while the reverse was not true and vegetation
patterns did not greatly affect SWC (Sun et al., 2014).

At a small spatial scale, heterogeneity in land use, vegetation type, and soil characteristics are the dominant
factors in SWC dynamics (Zhao et al., 2017; Zucco et al., 2014). SWC is also controlled by antecedent
moisture conditions of the sampling plot (Famiglietti et al., 1998; Zhao et al., 2011; Zucco et al., 2014).
Precipitation was the control factor in vegetation change in arid zones, and an observed decrease in SWC
led to a reduction in evapotranspiration (Guan et al., 2020). According to Jian et al. (2015), plant water
uptake in semi-arid regions occurs mostly through night-time root uptake and day-time evapotranspiration;
this indicates that SWC in the main zone of plant root systems is critical to the physiological activities and
growth of surface vegetation in water-limited ecosystems. Thus, SWC supply in arid regions is the main
limiting factor for land-cover and vegetation succession, and any tradeoff or change in hydrological processes
may cause a significant disturbance to the ecosystem and result in a new landscape pattern (Brocca et al.,
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2007; Cosh et al., 2008; Sala et al., 2014; Wang et al., 1999; Wang et al., 2011).

Forest planting is extensive in China; it has been extensively promoted during the last 20 years with the
“Grain for Green” projects which aimed to convert croplands to forests, shrublands and grasslands to prevent
ecosystem degradation (Cao et al., 2011; Fu et al., 2011). Ecosystem restoration in the Qilian Mountains is
reaching new levels with a plan for the “Qilian Mountain National Forest Park”, in which 5.02 million ha
are being restored (Liu et al., 2008; McVicar et al., 2010). However, limited information is available on the
response of SWC to shifts in vegetation types in arid ecosystems, and, to date, the hydraulic interaction
between planted forests and SWC is not clear. A greater understanding of this interaction is needed and of
the spatial evolution of SWC under different landcover types to ensure success of ecosystem restoration.

Here, we used a geostatistical spatial analysis of the pattern of surface SWC in different-aged P. crassifolia
forest, native grassland, shrubland, and mixed landcover in the region; here, grassland, shrubland and mixed
landcover were considered to be the successive stages along the development of the local ecosystem into
forestland.

We aimed to advance our understanding of forest plantation in arid areas by providing data support for
regional forest-water relationship research. Our main objectives were to: (a) quantify the evolution trend of
surface SWC during the early stages of plantation development, (b) characterize the spatial heterogeneity in
SWC in reforested areas of different ages, and (c) determine the best sampling methods for SWC for spatial
pattern analyses in semi- and arid regions.

2. Methods

2.1. Site description

The study was conducted in the Dahuang Mountain Forest Reserve (100°22’ E, 38deg43’ N, Fig. 1) in the
Qilian Mountains. The study area is located approximately 45 km southeast of Shandan County, Gansu
Province, China, in the northern part of the Qilian Mountains in a typical arid area, with P. crassifolia
as a dominant tree species. Several afforestation projects have been implemented in this area, providing
a perfect opportunity to elucidate spatial patterns of SWC following a vegetation change. The climate is
semiarid and cold temperate, with a mean annual temperature of 2.5 , and mean annual precipitation of
385 mm (for years 1994 to 2014); approximately 80% of the precipitation falls during the warmer months of
June through September (He et al., 2019). Soils are gray cinnamon on shaded and semi-shaded slopes, and
chestnut (Chinese soil taxonomy) on sunny slopes (Chen et al., 2016).

Forests are dominated by P. crassifolia , and are distributed on shaded and semi-shaded slopes; grasslands
are primarily found on sunny and semi-sunny slopes, and shrubland is distributed in the transition between
forest and grassland. Since the 1970s, most of the forest at low elevation had been cut down to satisfy an
increasing demand for timber and crop production in the region. Dahuang Mountain has been included in
Natural Forest Protection Projection (in response to deforestation-caused flooding) since 2001, and most of
the grasslands on east- and west-facing slopes have been successively converted toP. crassfolia plantation
forests, with an increase in the proportion of forest-grass cover of an average of 6.2 % from 2000 to 2010
(Sun, 2020).

2.2. Experimental design and sampling

2.2.1 Experimental plots

Ten hillslope plots (sizes between 800-4000 m2, and elevation from 2595-2683 m) were established along two
orientations (horizontal or vertical axis) transect in the Dahuang Mountain Forest Reserve between July and
August in 2014 (Fig. 2). Two plots were on the north-facing slope, and others on the west/east-facing slopes,
and all of the plots were characterized by heterogeneity of land uses. Basic characteristics of the ten plots
are shown in Table 1. The primary landcover types were grass, brush-grass, planted forest, planted-natural
mixed forest, and natural forest, representing all stages of landcover changes during plantation restoration
in this region. Plots along the horizontal axis (#6, #7 and #8) were used to determine the relationship

3



P
os

te
d

on
A

ut
ho

re
a

27
Ja

n
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

33
04

41
.1

00
85

85
9/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

between landcover and SWC for which can exclude differences in SWC caused by slope position; plots along
the vertical axis (#1, #2, #3, #4, #5, #9 and #10) were used to analyze spatial heterogeneity of SWC and
landcover types. Five spatial sampling intervals (5, 6, 7, 8, and 10 meter) were used for the investigation,
all sampling retained a consistent interval distance at each transect to satisfy the theoretical model of
semivariance analysis. Four replicates of SWC records were taken at each sampling point, and the average
value was taken for the point after the outliers were removed. In addition to supporting materials, the SWC
survey, stand structure investigation, soil texture, and landcover species were also surveyed synchronously.

2.2.2. Soil water content (SWC)

Volumetric SWC was measured using time domain reflectometry (TDR) (IMKO, Germany) at 16 cm depth
(after removing the surface litter layer). TDR probes were calibrated with SWC obtained gravimetrically
(as theoretical values), and the calibration error between the value of the instrument and that of theoretical
was < 2%. We obtained 1920 field SWC records in the investigation. In order to minimize the impact of
environmental factors (such as precipitation events) on surface SWC, there were at least 7 sunny days before
and, so as to better reflect the interaction and hydrological connection between SWC and landcover types,
and no precipitation during the study period.

2.3. Statistical analysis

2.3.1. Statistical analysis

We used SPSS 19.0 (SPSS Inc. software products, Chicago, USA) to distinguish differences in SWC among
the tested landcover types. Before the semivariance analysis, all data were tested for normal distribution and
distribution consistency across landcover types using One-Sample Kolmogorov-Smirnov Test in SPSS; details
and statistical parameters are given in Table 2. The variability in SWC for each study plot or landcover
was described by the mean, standard deviation, minimum, maximum, skewness and kurtosis. Regression
analyses and graphs conducted using OriginPro 9.0 (OriginLab, USA), and data preprocessing was conducted
in Microsoft Excel 2013.

2.3.2. Geostatistical analysis

Geostatistical analysis can help to quantify the spatial characteristics of SWC for each plot and to determine
a potential spatial pattern using interpolation techniques based on the parameters of the analysis results.
These techniques evaluate the semivariance r (h) for all possible pairs of nearby-sampled points based on
the distance and the degree of autocorrelation among sampling points (Zhao et al., 2011).

Geostatistical analysis involves two main parts: (1) evaluation of the degree of autocorrelation among the
measured points, (2) interpolation for similar points not actually sampled, based on the degree of autocor-
relation encountered. The semivariance function r (h) was calculated using the following formula:

where r (h ) is the semivariance for interval distance classh , h is the sampling interval in each plot,z (xi ) is
the measured sample value at point xi , z (xi+h ) is the sample value at point xi+h , andN (h ) is the total
number of sample pairs within the distance interval h . The shape of the resulting plot ofr (h ) describes
the degree of autocorrelation present.

Autocorrelation analysis and kriging interpolation was conducted with GS+ 7.0 (GeoStatistics for the En-
vironmental Sciences, GS+, Gamma Design Software, Plainwell, Michigan USA.). Three model parameters
are needed for modeled variograms: (a) the separation distance over which spatial dependence is apparent
(range, A ), (b) the level of randomness (nugget variance, C 0), and (c) total variation present (sill, C 0+C
), and then (d) C/(C+Co) defines the spatial dependence of SWC. C/(C+Cdeg) > 0.75 indicates a strong
spatial dependence relationship, and value between 0.25 and 0.75 means a moderate spatial dependence,
with still lower values representing a lower degree of auto-correlation (Zimmermann et al., 2008; Zuo et al.,
2008).

The nature of spatial variability in data can be depicted by the four variogram models including spherical,
exponential, linear, and Gaussian (Isaaks et al., 1989; Webster et al., 1990). To evaluate the performance
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of the statistical model, we used RSS (Residual Sums of Squares), a measure of how well the model fits
variogram data. This is one of sensitive and robust indexes, and RSS is also the parameter for the variogram
model obtained by determining a combination of parameter values; thus, semivariogram model-fitting was
performed based on the lowest RSS. In addition, regression and coefficient of determination (r2) were used
to indicate how well the model fits the variogram data.

3. Results

3.1. SWC variability with landcover types

SWC data collected from 10 sampling plots across different landcover types are shown in Fig. 3 and Table
2. Data for each plot conform to normal distribution, with the absolute value of Skewness andKurtosis of
< 1. There were some differences (from 9.01 to 16.55 cm3 cm-3) in surface SWC corresponding to various
landcover types, but most were not significant. For example, brushland (15.81 cm3cm-3) exhibited significant
differences compared with planted forest (12.28 cm3 cm-3) and grassland (13.30 cm3 cm-3) (plot #6 in Fig.
3), and grassland (13.35 cm3cm-3) also exhibited unnoteworthy compared with planted and mixed forests
(10.53 cm3cm-3) (plot #9 in Fig. 3). The differences between natural (16.5 cm3 cm-3) and planted forests
(11.82 cm3 cm-3) were notable (mean value between plot #10 and plot #2).

To further quantify SWC differences among the landcover types, SWC was summarized using SPSS by
landcover type (Fig. 4). Results showed a decreasing trend from natural forest, brushland, grassland and
planted forest to mixed forest, representing changes in SWC over several decades of plantation succession in
this semi- and arid region. SWC in planted forest and mixed planted forest was lower than that in the brush
and grass areas, with the only significant difference found between the natural forest and other landcover
types.

Furthermore, standard deviations in natural forest (plot #10) and planted forest (plot #1) were 6.16
cm3cm-3and 3.5 cm3cm-3, respectively; while in brushland and grassland (plot #8 and #3), they were
1.18 cm3cm-3 and 2.62 cm3cm-3, respectively (Table 2). A larger standard deviation indicated that the
forest had greater water storage capacity compared to other two landcover types.

3.2. SWC semivariance characteristics of sampling plots

We used Variogram analysis and Kriging interception to characterize and generate spatial structures of soil
moisture for each plot area (Table 3). RSS for most plot areas was < 1 (with an average value of 0.23 for
plots #2 and #7), indicating a clear spatial auto-correlation relationship among data distribution in their
effective ranges. Further, the models which we used for semivariance analysis were appropriate and the
parameter combination for each fitting function model can be used for explanation of the spatial pattern in
the study plots. RSS in plot #1 was 12.9 suggesting that the model used for plot #1 was not as fitting as
theoretically needed, and the interception map should be carefully considered in the following analysis.

We used the Gaussian model for plot #3, spherical for plots #2, #5, #6 and #10, and exponential for
plots #4, #7 and #9, indicating that the fitting model was robust and interpolation results were based on a
function that can represent the actual spatial pattern of SWC. The optimal function was linear for plot #1
and #8 which indicated that the model was not as ideal as the RSS showed, and that may be a limitation
due to the size of the dataset. A spatial correlation of < 0.5 between SWC in plot #1 and #8 indicated that
there was no spatial correlation, closely with what was reflected by RSS (Yang et al., 2017). Other sampling
plots showed a strong spatial auto-correlation, indicating that parameters based on the models can be used
for spatial interpolation of SWC at each sampling plot.

3.3. Kriging interpolation of SWC

P. crassifolia is a shallow-rooted tree species with roots distributed mainly in the first 30 cm below the
ground surface (Chen et al., 2016) and, where also accounts for 40 to 60% of the total active profile moisture
storage in a temperate climate region (Western et al., 1999). The results of this study showed the spatial
pattern of SWC in surface soil (especially depths shallower than 20 cm). Based on the simulation function
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for each plot, local Kriging interpolation was used for the spatial simulation of SWC (Fig. 5). The resulting
spatial map of SWC was based on actual field values, and on the knowledge about the underlying spatial
relationship obtained from sampling values.

SWC did not exhibit a consistent spatial pattern along the slope in the planted forest (plot #2) or in the
natural forest area (plot #10), which suggest that the vertical axis spatial pattern of SWC in this water-
limited ecosystem was not controlled by the position of slope. These results differed from those of (Brocca
et al., 2010; Vereecken et al., 2014), who reported that SWC depended on water transport via subsurface
lateral flow from the upper slope to the toe when water was in sufficient supply. SWC along the horizontal
axis exhibited a significant decreasing trend from shrubland to grassland or forestland (Fig. 3 and Fig. 5),
indicating that shrubland had a superior soil and water conservation capacity in this water-limited area.

3.4. The number of required samples (NRS) for SWC

To obtain the minimum NRS to determine mean SWC in this semi- and arid region, a bootstrap resample
of several plots had been simulated using Matlab script. Regardless of the initial value, the mean quickly
converged to a stable value as the sample number increased with step sampling (Fig. 6a). To qualitatively
determine the threshold of function-shifting, the first derivative of each fitting function was calculated in Fig.
6b. Two curve inflection points (the derivative was equal to +- 1 and +- 0.58, with corresponding slopes of
the fitting curve of 45o and 30o) were marked on the graph, and four thresholds were found in this study.

4. Discussion

4.1. SWC variability in different landcover types

In general, amounts of mean annual precipitation determine the type and spatial pattern of dominant
landcover in an ecosystem (Liu et al., 2020; Sun et al., 2014); however, human activities shift the rate
and the magnitude of this relationship, particularly with large-scale programs such as “Grain for Green” in
China (Cao, 2008; Cao et al., 2011). New landcover types change the water cycle from the land surface to the
atmosphere by abiotic evaporation and biotic transpiration; with a complex hydraulic interaction between
landcover and the environment, a new trade-off forms gradually and this change produces irreversible impacts
to the local people’s livelihood (Liu et al., 2020).

SWC in this study decreased in the following order: natural forest, brushland, grassland, planted forest,
and mixed forest, with SWC in natural forest differing significantly from that in the other vegetation types
(p<0.05) (Fig. 4). Furthermore, SWC in planted and mixed forests years decreased with age in this study,
likely leading to a negative feedback to the water circulation processes in the ecosystem; these results were
consistent with those of previous studies (Wang et al., 2011; Zhu et al., 2017), and may be illustrative of the
repetitive degradation of the planted area within the past 20 years (A et al., 2019; He et al., 2007; Jia et
al., 2017; Muneepeerakul et al., 2011; Sun et al., 2014). In the early stages of plantation establishment, soil
moisture formed a new trade-off between the new vegetation cover and precipitation, and then a relatively
stable water cycle was gradually established (Fu et al., 2003; Gomez-Plaza et al., 2001; Sun et al., 2014). It
appears that forestland in arid regions can accumulate soil moisture when vegetation pattern is fully mature
many years after planting. These findings highlight ecological efficiency of afforestation with hysteresis over
long-time scales (Guan et al., 2020; Jia et al., 2017).

Topography is another notable source of SWC variability (Famiglietti et al., 1998; Fu et al., 2003). However,
in this study spatial pattern of SWC showed along slope position SWC did not exhibit a significant declining
trend from the top to the toe of slope in this study (plot #9 in Fig. 3 and Fig. 5). These characteristics
could generally be explained by -14.3% runoff depth (forests decreased net water yield) and a mean annual
precipitation of 374.1 mm in the Pailugou catchment (adjacent to this study area) in the Qilian mountains
(He et al., 2012) indicating that interflow along the subsurface in this region cannot determine a self-organized
vegetation pattern, as reported in the loess hilly region of China by Sun et al. (2014). The terrain-related
processes may be the main environmental factor affecting the spatial pattern of vegetation during wet periods
(Grayson et al., 1997; Western et al., 1999).
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4.2. Spatial pattern and heterogeneity of SWC across succession stages of a planted forest

As a spatial auto-correlation indicator, C/(C+Cdeg) of > 0.75 for most plots indicated a consistent spatial
pattern of SWC among the sampling plots (Table 3). Auto-correlation distance (A ) of SWC occurred with
non-homogeneity in this study, in which, forest and mixed forest showed a broader range compared with
grass and shrubland (A in plot #3 was 4.3 m) in Table 3. Additionally, A for planted or mixed forest was
still larger than that for natural forest area; these results indicated that SWC was not as stable elsewhere
as it was in natural land cover in the early few decades of growth of a planted forest (Jia et al., 2017; Jia et
al., 2006; Zhang et al., 2016). Furthermore, RSS for the fitting models was close to 0, which indicated that
a sound spatial dependence was found in the geostatistical analysis for our sampling plots; this was mainly
related to the coincident transpiration and transformation of the soil moisture across land cover types (Qiu
et al., 2001; Yang et al., 2017).

Interception maps of SWC for the survey plots outline the spatial pattern of SWC in a more intuitive way
(Webster et al., 1990). The mixed plots (#6, #7 and #9 in Fig. 5) showed a strong auto-correlation;
extremely similar continuity characteristics of SWC suggest that SWC in this region was mainly controlled
by the frequency and magnitude of precipitation events (Fu et al., 2003; Qiu et al., 2001; Sun et al., 2016),
and the landcover type played a secondary role (Grayson et al., 1997). Similar results were also demonstrated
by Liu et al. (2020), who found that transpiration and evapotranspiration in boreal forests depend mainly
on precipitation patterns.

4.3. Sampling SWC in semi- and arid regions

Sampling strategies may need to be adjusted to determine accurate areal SWC at catchment-wide scale
(Grayson et al., 1998), and the interval of sampling is a critical factor which will determine the total number
of samples and the cost of the experiment. According to Manfreda et al. (2006), NRS is a control factor in
estimation of SWC variance, especially for soils with shallow-rooted vegetation; this is because the number
of field samples must be large enough to obtain true values which are distributed close to the average for
the study (A et al., 2019; Brocca et al., 2007; Brocca et al., 2012). To obtain the minimum NRS which
can ensure measurement accuracy, we randomly resampled the records of planted forest with an incremental
step method (bootstrap method in Fig. 6a), with the first derivative of the fitting curve in Fig. 6b ranging
from +-1 to +-0.58, and the number of required samples ranging from 5 to 9 (marked with L1 and U1) and
20 to 23 (marked with L2 and U2); the results suggest that ~20 sampling points with a sampling space of 5
to 10 meters in the planted forest could yield a representative SWC value in arid regions (Entekhabi et al.,
1994; Vinnikov et al., 1999). However, this experimental method may not be appropriate for a large area
especially in regions with frequent rainfall (Brocca et al., 2012).

5. Conclusions

In this study, we analyzed SWC variability with landcover types, and semivariance characteristics and spatial
interpolation results using a geostatistical method in 10 survey plots. Kriging interception was conducted
based on variogram analysis to characterize the spatial structure of SWC in each plot. SWC declined from
natural forest, brushland, grassland, planted forest and mixed forest, whereas non-significant tendency was
found alongside the vertical axes of slope-side among the landcover types. Results of this study indicated
that planted and mixed forests, aged between 30 and 50 years, decreased SWC compared with natural forest
or shrubland in semi- and arid regions. We propose that the vegetation used in restoration projects needs
to be matched with the level of local mean annual precipitation.
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