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Abstract Knowledge of the temporal variability of soil
water content (SWC) at the hillslope scale is essential for
guiding rehabilitation strategies and for optimizing water
resource management in the karst region of southwest
China. This study aimed to use temporal stability analysis to
upscale point-scale measurements to represent mean areal
SWC on two typical karst hillslopes. Based on a grid sam-
pling scheme (10 m x 10 m) applied to two 90 m x 120 m
plots located on two hillslops, the SWC at a depth of 0—16
cm was measured 11-12 times across 259 sampling points,
using time domain reflectometry (TDR) from April 2011
to October 2012. Soil texture, bulk density (BD), saturated
hydraulic conductivity (Kj), organic carbon (SOC), rock
fragment content (RFC), and site elevation (SE) were also
measured at these locations. Results showed the hillslope
with more shrub cover was wetter than the hillslope with
mixed grass-shrub cover. This difference was related to the
differences in soil texture, soil hydraulic permeability, and
topography. Through a comparison of values obtained with
the Spearman correlation coefficient (), standard deviation
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of mean relative difference (SDRD), and mean absolute bias
error (MABE), we inferred that there is a higher degree of
temporal stability for SWC in wet conditions than in drier
conditions on the two hillslopes. Based on the values of
the index of temporal stability (ITS), which combine the
mean relative difference (MRD) and SDRD, the two loca-
tions were determined to be representative of mean SWC on
both hillslopes. Moreover, these locations captured changes
in mean SWC (NSCE = 0.69, and 0.65, and RMSE = 1.96,
and 1.96 %, respectively). This demonstrates the feasibil-
ity of using the temporal stability of SWC to acquire mean
SWC on karst hillslopes of southwestern China. The indi-
rect method, which estimates mean SWC by considering the
offset between the mean and the measurement value at a
time-stable location, predicted mean SWC (NSCE = 0.86,
and 0.76, and RMSE = 1.29, and 1.63 %, respectively)
more precisely than the direct method (mean SWC directly
measured at a time-stable location), because it eliminates
deviation by introducing a constant offset (MRD). We rec-
ommended the use of the indirect method to acquire mean
SWC values, when an allowable bias of 5 % for both MRD
and SDRD can not be achieved. In addition, we found that
soil texture, RFC, and elevation affect the pattern of SWC
on the shrub hillslope. These results are expected to be use-
ful for monitoring soil water dynamics on karst hillslopes,
especially for restoration purposes.

Keywords Soil water content - Temporal stability - Rocky
desertification - Representative locations - Karst hillslope
Introduction

Karst regions cover approximately 22.2 million km? glob-
ally, accounting for 15 % of the total land area, and are
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home to about 17 % of the world population (Zhang et al.
2011). The karst region of southwest China is one of the
largest, and most continuous karst landforms in the world.
It covers an area measuring 5.4 x 10° km? (Zhang et al.
2011; Yang et al. 2016) and is overpopulated (more than one
hundred million people), underdeveloped (about 50 % of
China’s poor live here), and has complex topography (large
mountains areas with steep slope gradients, and a shallow
and discontinuous soil layer) (Chen et al. 2009). Deforesta-
tion and land reclamation is widespread on karst hillslopes,
which represent the least cultivated land per capita. There
is a high proportion of sloped fields in this area, which is a
leading cause of low and unstable grain yields, severe soil
erosion, and karst rocky desertification (Wang et al. 2004).
The rocky desertification area in southwest China currently
measures 1.2 x 10° km? and increasing by about 2000 km?
per year.

To combat rocky desertification, conservation prac-
tices such as reconstructing vegetation and erosion control
have been implemented in the region (Jiang et al. 2014).
Although this region has a subtropical mountainous mon-
soon climate with a large amount of annual precipitation
(more than 1,200 mm), the karst habitat is deficient in soil
water for vegetation growth, because of the thin soil layer
and relatively high hydraulic conductivity (Fu et al. 2015).
In addition, there are a large number of fissures, gaps, chan-
nels, and sinkholes, which further decrease water storage
capacity (Chen et al. 2009; Chen et al. 2010). Further-
more, the disappearance of vegetation and soil increases
infiltration to subsurface systems and drought occurs more
frequently (Jiang et al. 2014). Liu et al. (2014) found that
southwestern China has generally become drier in relation
to global climate change, and that regional mean annual pre-
cipitation has decreased by 11.4 mm per decade. Thus, soil
water is an important limiting factor for vegetation restora-
tion in the karst areas of southwest China (Chen et al. 2009;
Chen et al. 2010; Jiang et al. 2014).

Because hillslopes are fundamental landscape units, it
is essential to understand the temporal variability of soil
water content (SWC) on a hillslope scale in order to guide
rehabilitation strategies and to optimize water resources
management, particularly in relation to vegetation restora-
tion (Jia et al. 2013). One approach to quantifying variability
in SWC has been to apply temporal stability analysis to
point data, which is a statistical approach to describe tem-
poral persistence of spatial patterns of soil water. (Vachaud
et al. 1985; Jacobs et al. 2004). Based on the concept of
temporal stability, the most time-stable locations (MTSLs)
have the ability to represent the mean SWC of a given area
over time (Liu and Shao 2014). Plenty of research has been
conducted in different countries in identifying the MTSLs,
such as Brocca et al. (2009) in Italy, de Souza et al. (2011)
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in Brazil, Heathman et al. (2012) in the USA, Sur et al.
(2013) in Korea, and Hu et al. (2010a), Jia et al. (2013),
She et al. (2015), and Wang et al. (2015) in China. Research
has focused on differing land usage, including grassland (Jia
et al. 2013), orchard (Gao et al. 2011), farmland (Heathman
et al. 2012; Jacobs et al. 2004), steppe (Schneider et al.
2008), and mixed land uses (Hu et al. 2010a); using differ-
ent scales of measurement including the transect scale (Gao
and Shao 2012), area scale (Jacobs et al. 2004; Schneider
et al. 2008; She et al. 2015), on a hillslope scale (Penna
et al. 2013; Hu and Si 2014), watershed scale (Hu et al.
2010a; Heathman et al. 2012), and regional scale (Cho and
Choi 2014). Most research has been conducted on temporal
stability of SWC in non-karst, and we are unaware of any
study relating to karst areas where there is large spatial vari-
ability of soil water due to physical heterogeneity (bedrock
outcrop, complex topography, thin and discontinuous soil
layer). Temporal stability of SWC should be examined for
different climate zones, crops, soil types, topographic condi-
tions, and land uses (de Souza et al. 2011). Therefore, from
the viewpoint of guiding appropriate vegetation restoration
and overcoming constraints of water scarcity, an investiga-
tion of the applicability of the temporal stabilityanalysis of
SWC on karst hillslopes in southwestern China will add a
new perspective to this methodology.

Although temporal stability of SWC has gained a lot
of attention, there are some contentious questions need to
be clarify. The impact of soil water state (dry or wet) on
the degree of temporal stability of SWC is still debated.
Martinez-Ferndndez and Ceballos (2003), working in a
semi-arid area in Spain, revealed that soil water spatial pat-
terns over time were more stable during dry conditions.
Penna et al. (2013) found that time stability was slightly
higher for dry states on two alpine hillslopes. In contrast,
Zhou et al. (2007) at the Shale Hills Catchment pointed out
that spatial distribution of soil water was more stable dur-
ing wet seasons, and less stable during the transition period,
same results were indicated by Zhao et al. (2010) for a
semi-arid steppe, and Jia et al. (2013) on hillslopes of the
Loess Plateau in a semi-arid zone. Except for Penna et al.
(2013), who researched in alpine climatic conditions (mean
annual rainfall is about 1220 mm), most of the investiga-
tions assessed the temporal stability of soil water spatial
patterns during wet and dry status were conducted in arid
or semi-arid regions. These analyses are currently not avail-
able for humid karst regions, but urgently needed to improve
restoration successes.

No consistent conclusions have been drawn on how to
identify the MTSLs. Commonly, locations with MRD close
to zero and SDRD at a minimum are identified as the MTSL
(Jia and Shao 2013; Gao and Shao 2012); however, there
may be no sampling locations fulfilling both requirements
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(Jia and Shao 2013). A less strict requirement was suggested
by Gao and Shao (2012), that the locations with an allow-
able bias of 5 % for both MRD and SDRD can be identified
as the MTSLs. And yet, Li et al. (2016) found that it was not
possible to identify representative locations meeting even
this requirement. Jacobs et al. (2004) proposed to use a sin-
gle criterion, the index of temporal stability (ITS) which
combined MRD and SDRD, to identify MTSLs. Jia et al.
(2013) identified representative locations using an ITS less
than 10 %. Criteria that can identify representative locations,
which directly represent the mean SWC of a given area,
are defined as direct methods. Grayson and Western (1998)
and Hu et al. (2012) proposed the use of an indirect method
to estimate mean SWC by introducing a constant offset on
the locations with smallest SDRD or mean absolute bias
error (MABE). Jia and Shao (2013) assessed four differ-
ent ways to identify representative locations: from locations
with MRD closest to zero, from locations with smallest
SDRD, from smallest ITS, and from the indirect method,
and found that no one method consistently performed better
than another. Soil water may be even more randomly dis-
tributed than in the aforementioned studies because of the
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high degree of heterogeneity in karst regions (Chen et al.
2009), and the criterions of direct methods may not be ful-
filled; thus, it is necessary to evaluate direct and indirect
methods to acquire mean SWC for karst regions.

The main objectives of this study are (1) to investigate
the applicability of the temporal stability of SWC to acquire
mean SWC on karst hillslopes, (2) to evaluate the use of
both direct and indirect methods for estimating mean SWC,
and (3) to investigate which factors control the temporal
variable of SWC on the hillslope scale in a karst region.

Materials and methods
Study site

This study was conducted in a small watershed (area =
1.46 km?) at the Huanjiang Observation and Research Sta-
tion for Karst Ecosystems under the Chinese Academy
of Sciences (24°43'58.9"—24°44/48.8"N, 108°18'56.9"—
108°19'58.4"E) in Huanjiang County of northwest Guangxi
province, in southwest China (Fig. 1). The watershed is a
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Fig. 2 Shrub and grass—shrub
hillslopes

(a) Shrub

typical example of peak-cluster depression karst, character-
ized by a flat depression surrounded by mountains on three
sides, and an outlet in the northeast. The elevation ranges
from 272 to 647 m above sea level, and approximately 60 %
of hillslope land has a slope greater than 25°. The region has
a subtropical mountainous monsoon climate where the aver-
age annual temperature and rainfall is 19.9°C and 1389.1
mm, respectively, and 74 % of the precipitation falls during
April and August (which is defined as the wet season). The
brown calcareous soil of the area is developed from carbon-
ate source rock and has clay to clay loam texture (25—50 %
silt and 30—60 % clay), the soil depth varies between 10
and 30 cm on hillslopes, and 50—80 cm in the depressions.
Soils are well-drained with a stable infiltration rate varying
from 0.7 to 2.1 mmmin~!. The soil organic matter content
is comparatively high and ranges from 2.2 to 10.1 %, and
the soil has a weak alkaline pH varying between 7.1 and
8.0 (Chen et al. 2011). Bedrock is exposed over 15 % of
the depressions and over 30 % on hillslopes, and some rock
outcrops are covered with deep-rooted trees.

Until 1985, the watershed in this study area was seriously
disturbed by deforestation, cultivation, fire, and grazing.
The sloping farmlands were then abandoned after the intro-
duction of the Grain for Green Project in 1985. Thus,
this small watershed has been under natural restoration
for almost 30 years. The vegetation currently consists of
shrubs and grasses, which dominate about 70 % of the hill-
slopes. In addition, grass-shrub mixtures commonly exist on
the southwest facing hillslopes, and shrubland is generally
found to the southwest of the depression and on the west
facing hillslopes.

Two hillslopes were chosen for establishing plots mea-
suring 90m x 120m. The first plot was located in shruband
on the western side of the watershed where the vegetation
mainly consisted of Alchornea trewioides, Cipadessa cin-
erascens, and Rhus chinensis (Fig. 2). At the bottom of the
slope the soil was fertile and the shrub density was moder-
ate. In the middle of the slope shrubs, perennial herbs and
lianas coexisted and the RFC was relatively high. At the
top of the slope was dominated by scrubland. The second
plot was located on mixed grass-shrubland in the south-
west of the watershed where the main species were grasses,
and shrubs were only distributed at the bottom of the slope
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(b) Grass-shrub

(Fig. 2). Vegetation cover gradually decreased from bottom
to top along the two hillslopes.

Experimental design and data collection

Based on a grid sampling scheme measuring (10 m x 10 m),
a total number of 130 observation points were established on
the shrub slope (Fig. 2a) and 129 on the grass—shrub slope
(Fig. 2b). At this site, one point could not be measured as
it was located on a cliff on the hillslope. The positions of
the observation points were determined using a South NTS-
302R Electronic Total Station (Sursup Precision Instrument
Co, Ltd, Shanghai, China), and the geographic information
of observation point positions was recorded using a hand-
held Global Positioning System (GPS) (Etrex 2000, Gamin
International Inc, New Taipei City, Taiwan). Distribution of
the sampling sites is shown in Figs. 1 and 2.

The soil is shallow on karst hillslopes, and therefore, it is
not always possible to measure SWC in a deeper soil layer
(> 20 cm), therefore, surface SWC at a depth between 0
and 16 cm was observed approximately once a month in
situ using Time-Domain-Reflectometry (TDR, Trime-ezc,
IMKO, Germany), the TDR probes was calibrated through
gravimetric method. Measurements were conducted in the
shrub land a total of 12 times between April 10, 2011 and
April 21, 2012, and in the grass-shrub land a total of 11
times between Nov 1, 2011 to Oct 18, 2012. Hu et al. (2012)
determined that, in general, five to seven sampling occa-
sions are required to identify MTSLs, and thus, the number
of sampling times (12 and 11) was considered sufficient for
researching the temporal stability of SWC.

Chen et al. (2009) stated that soil water distribution is
controlled by vertical and lateral water divergence and con-
vergence, infiltration recharge, and evapotranspiration in
hillslopes or on hilly terrains, and thus, the hydrological
properties of the surface soil layer have a considerable effect
on SWC. To study the effects of soil properties on SWC,
soil samples at a depth of 0—20 cm were collected at each
observation point (at a distance of 0.2 m from each sampling
point) on the shrub hillslope. Since the grass-shrub hills-
lope contained steep terrain, soil samples were not collected
at every point. Soil particle size distribution was measured
using a Mastersizer 2000 (Malvern Instruments, Malvern,
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Table 1 Summary statistics of physical properties and soil organic
carbon of surface soil and site elevation on both hillslopes

Shrub Grass-shrub

Mean SD CV (%) Mean SD CV (%)
Clay, % 92 43 469 155 125 81.0
Silt, % 526 113 214 197 75 379
Sand, % 382 147 385 649 193 297
BD, g.cm™3 1.0 02 182 1.1 02 160
Ks, mm.min~' 9.2 87  95.1 105 68 645
SOC, g.kg™' 476 117 247 542 128 236
REC, % 258  19.1 73.9 235 266 113.1

SE, m 3225 194 6.0 3385 223 69

England), and soil bulk density of undisturbed soil samples
(BD, g.cm™3) was measured using steel columns (with a
diameter of 5 cm, and volume of 100 cm3) via the exca-
vation method. The rock fragment content (RFC, %) was
determined as being the ratio between the rock weight and
the dry soil weight, and soil saturated hydraulic conductiv-
ity (K5, mm.min~") was measured using the constant-head
method (Jia et al. 2013). In addition, soil organic carbon
(SOC, g.kg™') was determined using the dichromate oxi-
dation method (Jia et al. 2013). Furthermore, site elevation
(SE, m) was recorded using the Etrex 2000 and a tipping
bucket rain gauge (RG3-M, Onset Computer Corporation,
USA) located at middle of the watershed was used to record
rainfall, with 0.2 mm resolution. The soil properties of the
shrub and grass-shrub hillslopes are presented in Table 1.

Temporal stability analysis

Two techniques were used to evaluate temporal stability in
the present study: a non-parametric Spearman’s rank cor-
relation test (ry) and relative difference analysis (Vachaud
et al. 1985). The first technique determined whether the
location ranks persisted over time, and ry was estimated by:

63 ie (Ri,j — Rij)*
N(NZ—-1)
where N is the number of observation locations, R; ; is the
rank of the variable SWC; ; observed at location i and at
time j, R; j» is the rank of the same variable at the same
location, but at sampling time j’. Values of r; closer to 1

indicated greater SWC temporal stability.
In the second technique, the relative difference (§;, ;) can
be expressed as:
bi.j —0j
Sij = 7 (2

rg=1-—

ey

where 0; ; is the SWC at location i and at time j, E is the
area mean SWC at the same time j.

The mean of the relative difference (MRD, 6;) and its
standard deviation (SDRD, ¢(6;)) for each location were
used to determine the MTSLs, and are determined as:

3

£(0:) = “

where m is the number of measurements at a single loca-
tion. When MRD values are plotted from smallest to largest
value, it is possible to determine whether the field averaged
SWC is under- or over-estimated at an observation location
with a non—-zero MRD. The smaller SDRD of an observation
location indicates a greater tendency of that location being
temporally stable.

Direct and indirect methods for estimating mean SWC

Direct and indirect methods were used to identify represen-
tative locations for obtaining mean SWC for a given area.
The direct method was introduced by Jacobs et al. (2004), in
which an index of temporal stability (ITS) can be computed
using a combination of MRD and the associated SDRD as:

ITS; =8 +¢2@) )

The ITS provides a single metric for identifying sampling
locations that are most representative of mean hillslope
SWC (i.e. low MRD) and are also simultaneously stable
(i.e., low SDRD).

The indirect method used to estimate the mean SWC was
proposed by Hu et al. (2012). The most temporally stable
location, i, that has the smallest mean absolute bias error
(MABE) with non-zero MRD can be used to calculate mean
SWC as:

_ 9@
g = 20 ©)
146
where the MABE is calculated as:
|81 i~ l
MABE; = 7
j Z( > (7)

Locations with lower values of MABE tend to be more
temporally stable and to produce less estimate error.

Statistical indicators
Based on the research of Hu and Si (2014), two statisti-
cal indicators, the Nash-Sutcliffe coefficient of efficiency

(NSCE), and the root mean square error (RMSE), were
employed to evaluate the predicted and measured values.
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Fig. 3 Experimental field
rainfall, mean SWC, and CV of
SWC at 0-16 cm depths at
measurement points during
study period
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The two indicators are defined as:

i)
NSCE =1- =1 ®)
> (i —v)?
i=1
1 n
RMSE = | =3 (i =y ©)
i=1

where n is the number of observations, and y; and y; are
the observed and estimated values of the SWC, respectively,
and y; is the mean of y;. In general, a prediction with a
RMSE less than 2 % is reliable (Cosh et al. 2008).

Results and discussion
Precipitation and mean surface SWC

Responses of the mean and coefficient of variation (CV)
of surface SWC varied in accordance with precipitation on
both hillslopes (Fig. 3). Precipitation was approximately
622.8 mm during the SWC observation period on the shrub
hillslope (April 1, 2011—April 30, 2012), and about 1637.1
mm during the observation period on the grass-shrub hill-
slope (Nov 1, 2011—Oct 30, 2012). A summary of the
statistics obtained for surface SWC over the entire measure-
ment period reveals that mean SWC ranged from 11.5 %

@ Springer

Date

to 22.5 %, with a mean value of 17.5 % on the shrub
slope; and from 7.4 % to 19.0 %, with a mean value of
13.0 % on the grass-shrub hillslope, respectively. CV val-
ues of SWCs ranged from 33.3 % to 56.1 %, and from
33.9 % to 51.3 % on the two hillslopes, respectively, which
indicates that there was moderate variation in the surface
SWC on both hillslopes. A moderate variation in the sur-
face SWCs at a hillslope scale have also been determined
by other researchers (Gémez-Plaza et al. 2001; Chen et al.
2010). Results of linear regression analysis imply that there
was a significant negative linear relationship between mean
SWCs and CV of SWCs on shrub hillslope (R?= 0.646, p
< 0.01) and grass-shrub hillslope (R?= 0.804, p < 0.01), a
similar result was previously reported by Chen et al. (2010).

During the same observation period (Oct 31,201 1—April
26,2012), the mean surface SWC on the shrub hillslope was
significantly higher than those on the grass-shrub hillslope
(Fig. 3) (P < 0.05, paired-sample ¢-test). These differences
in SWC can be attributed to the difference in soil texture
on the two hillslopes, which determines the water-holding
capacity and permeability of the soil. Vachaud et al. (1985)
indicated that water-holding capacity is highly related to the
silt+clay content, and in this study the silt+clay content was
higher on the shrub hillslope than on the grass-shrub hills-
lope (Table 1). In addition, the K of the shrub hillslope was
smaller than that of the grass-shrub hillslope (Table 1), and
thus the soil water was retained for a longer period of time
on the shrub hillslope. Moreover, the mean slope gradient
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Table 2 Spearman’s rank correlation between series of SWC measurements on shrub hillslope

Shrub 4/10 4/20 5/18 7/3 7/25 10/31 11724 12/14 1/9 2127 3/20 4/21
SWC (%) 225 19.3 18.4 18.8 11.5 16.3 11.8 13.7 16.8 22.1 18.2 20.7
Min (%) 7.6 6.2 6.6 1.7 3.9 5.1 3.7 5.6 5.8 5.5 5.5 6.2
Max (%) 47.1 40.2 32.6 34.8 26.5 32.0 30.0 34.5 37.8 60.4 35.6 38.5
CV (%) 333 40.4 352 38.8 56.1 46.2 56.0 53.9 42.7 47.7 46.5 39.5
4/10 1

4/20 0.86** 1

5/18 0.83** 0.86** 1

7/3 0.78** 0.85** 0.82** 1

7125 0.82** 0.80** 0.78** 0.81** 1

10/31 0.74** 0.73** 0.73** 0.68** 0.70** 1

11724 0.75** 0.75** 0.71* 0.68** 0.71* 0.84** 1

12/14 0.68** 0.72** 0.67* 0.61** 0.68** 0.79** 0.86** 1

1/9 0.75** 0.77* 0.80** 0.79** 0.76** 0.70** 0.74** 0.62** 1

2127 0.78** 0.82** 0.80** 0.72** 0.75* 0.73** 0.72** 0.67** 0.75** 1

3/20 0.82** 0.83** 0.86** 0.77* 0.77* 0.74* 0.76** 0.68** 0.85** 0.88** 1

4/21 0.81** 0.75** 0.78** 0.74* 0.77* 0.74* 0.75** 0.69** 0.77** 0.78** 0.85** 1
P <0.01

of the grass-shrub slope (33°) was greater than that of the
shrub slope (35°), which undoubtedly reduced water reten-
tion because of the downslope drainage. Chen et al. (2009)
identified that about 0.82 % decrease of SWC for per degree
increase of slope angle on the karst hillslopes of southwest
China. In summary, the shrub hillslope was wetter than the
grass-shrub hillslope.

Temporal stability analysis of SWC
Temporal stability: Spearman’s rank correlation test
The temporal stability of SWC spatial patterns between dif-

ferent sampling days on the two hillslopes was evaluated
using the Spearman’s rank correlation presented in Tables 2

Table 3 Spearman’s rank correlation between series of SWC measurements on grass-shrub hillslope

G-s 11/1 11/25 12/25 1/10 2/26 3/26 4/26 7/14 8/19 9/11 10/18

SWC (%) 154 10.1 11.7 14.1 15.7 159 14.3 10.6 19.0 9.3 74

Min (%) 5.7 3.8 4.2 6.6 5.1 4.7 6.5 4.8 6.6 2.1 2.4

Max (%) 332 27.7 29.1 28.7 31.8 31.2 27.8 26.8 37.0 29.4 18.0
CV (%) 43.9 50.4 49.6 40.1 43.6 41.4 38.9 51.3 37.3 523 33.8
1171 1

11/25 0.73** 1

12/25 0.68** 0.84** 1

1/10 0.63** 0.65** 0.63** 1

2/26 0.75** 0.76** 0.72* 0.77** 1

3/26 0.74** 0.71* 0.65** 0.69** 0.76** 1

4/26 0.68** 0.71* 0.64** 0.66** 0.71* 0.76** 1

/14 0.71* 0.75** 0.71* 0.64** 0.69** 0.67* 0.72** 1

8/19 0.74** 0.69** 0.66** 0.68** 0.73** 0.70** 0.68** 0.74** 1

9/11 0.45** 0.56** 0.48** 0.48** 0.52** 0.48** 0.50** 0.54** 0.58** 1

10/18 0.38** 0.34* 0.39** 0.31** 0.32** 0.34* 0.36** 0.48** 0.48** 0.31* 1
P < 0.01
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and 3. Values of ry all reached a statistical significance
level at 0.01, indicating that SWC was temporally stable
despite heterogeneity (Chen et al. 2011; Chen et al. 2010).
On the shrub hillslope (Table 2), values of ry ranged from
0.61 (ry between 07/03/2011 and 12/14/2011) to 0.88 (r;
between 02/27/2012 and 03/20/2012), with a mean value of
0.76. Furthermore, on the grass-shrub hillslope (Table 3), r
ranged from 0.31 (r; between 09/11/2012 and 10/18/2012)
to 0.84 (ry between 11/25/2011 and 12/25/2011), with a
mean value of 0.61. The mean r, values of the two karst hill-
slopes obtained in this study are thus higher than the mean
values revealed by Tallon and Si (2004) (0.54, in a semi-arid
crop/fallow rotation field, Canada), and Jia and Shao (2013)
(0.66, 0.51 for, 0.43, and 0.34 for purple alfalfa, Korshinsk
peashrub, natural fallow, and millet land on northern Loess
Plateau of China, respectively), and were approximately
equal to the mean values reported by Gao and Shao (2012)
(0.63-0.83, on a hillslope of the Loess Plateau, China), and
Wang et al. (2013) (0.64, 0.85, and 0.86 at depths of 0-6,
0-15 and 0-30 cm in an artificial revegetation desert area,
China).

The lowest rg values in our study (< 0.6) were found
between at 09/11/2012 and 10/18/2012 on the grass-shrub
slope, when the SWC was very low (9.3 % and 7.4 %,
respectively). A comparison of ry values shows a higher
degree of temporal persistence of spatial patterns on the
shrub hillslope than on the grass-shrub hillslope. Since the
shrub hillslope was wetter than the grass-shrub hillslope,
it is possible to conclude that there is a higher degree of
temporal stability in the soil water during wet conditions
than in dry conditions in our study, consistent with the con-
clusions of other studies (Zhou et al. 2007; Zhao et al.

2010; Heathman et al. 2012; Jia et al. 2013). However, other
researchers (Martinez-Fernandez and Ceballos 2003; Penna
etal. 2013) found contrasting results and determined that the
temporal stability of SWC was higher under dry conditions.
Therefore, there is no clear and consistent conclusion relat-
ing to the effect that the study areas properties have on the
temporal stability of soil water. Clearly, water movement on
hillslopes in complex involving many mechanisms that are
controlled by many factors, such as soil properties, terrain,
vegetation, climate, land uses, and their interactions (Chen
et al. 2010; Zhu and Lin 2011).

ldentification of representative locations for acquisition of
mean SWC

Figures 4 and 5 present the mean relative difference (MRD)
ascending order, the associated standard deviation of MRD
(SDRD), and the ITS for each observation point on the two
hillslopes. On the shrub hillslope (Fig. 4), 79 locations’s
MRD had values of less than 0, which indicates that the
SWC in these locations was generally less than the mean
SWC in the study area. However, in the remaining 51 loca-
tions, the SWC had larger values than the mean within the
area, regardless of sampling time. On the grass-shrub hills-
lope (Fig. 5), the MRD at 81 locations was less than 0, and
positive at 48 locations. The variable amplitudes of MRD
were 154.2 % (from —57.0 to 97.2 %) and 153.1 % (from
—51.1 to 102.0 %) on the two hillslopes, respectively. Thus,
the minimum, maximum, and ranges of MRD were simi-
lar on both hillslopes. However, the variable amplitudes of
MRD were larger than those found by Gao and Shao (2012)
and Wang et al. (2013), whose studies were conducted on

Fig. 4 Ranked MRD of SWC 150
and index of time stability (ITS)
for each sampling location on
shrub hillslope. Squares
represent MRD, error bars
indicate SDRD, bold curve
indicates ITS, and MTSL is
marked in blue
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Fig.5 Ranked MRD of SWC 200
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transects, but were lower than those of Hu et al. (2010a),
who investigated soil water in a small watershed. In addi-
tion, Schneider et al. (2008) reported that the range of MRD
increased with the observation scale because of an expected
increase in the variation of soils properties, terrain, and veg-
etation. Furthermore, Brocca et al. (2009) determined that
a decrease in the clay content with an increase in the slope
of the terrain causes an increase in the variability of MRD.
Moreover, four locations on the shrub hillslope and on the
grass-shrub hillslope had MRD values lower than &2 %: V8
(-0.01 %), R7 (0.37 %), U5 (0.39 %), and S8 (0.77 %); and
W12(-0.51 %), T5(0.03 %), W10(0.10 %), and W8(0.39 %),
respectively, indicated that the SWC in these locations was
always within £2 % of the mean hillslope value.

MTSLs not only need to have a MRD value close to 0 but
also a small standard deviation of the MRD value as well.
The SDRD values on the shrub slope were found to range
from 7.0 % (location: O12) to 48.3 % (location: N2), with a
mean valueof 20.6 %. On the grass-shrub slope, the SDRD
values ranged from 8.2 % (location: R9) to 61.6 % (loca-
tion: X1), with a mean value of 23.5 %. In other studies, the
mean SDRD at a soil depth of 0—15 cm soil depth was found
to be 19.6 % (Wang et al. 2013), and at depths of 0-10 cm
and 10-20 cm was 19.2 and 14.2 %, respectively (Gao and
Shao 2012). Therefore, the SDRD in our study was gen-
erally in agreement with that of other studies. The SDRD
shown in Figs. 4 and 5 illustrates that the drier points tend to
have lower variability and ITS values than the wetter points.
This finding is consistent with that of Jacobs et al. (2004),
who observed low SDRD for MRD< 0 and high SDRD for
MRD> 0. In this study, there was a stronger temporal stabil-
ity on the shrub than on the grass-shrub hillslope, consistent
with the rg values.

Finally, based on the previous analysis, locations with
MRD values lower than £2 % were not the same as those
with small SDRD values, and we thus selected the most
time-stable locations (MTSLs) relying on the lowest ITS
values, to represent the mean SWC for the two hillslopes.
Values of ITS on the shrub hillslope ranged from 13.5 %
(S8) to 100.3 %, and thus, location S8 was selected to rep-
resent mean SWC on the slope as it has adequate predictive
accuracies (NSCE=0.69, RMSE=1.96 %). On the grass-
shrub hillslope, values of ITS ranged time-stable location
(NSCE= 0.65, RMSE= 1.96 %). The predictive accuracy
in this study was analogous with that of others (Brocca
et al. 2009; Gao et al. 2011; Gao and Shao 2012; Heathman
et al. 2012; Penna et al. 2013). In addition, the calculation
accuracy was considered reliable in accordance with that
determined by Cosh et al. (2008), who stated that an esti-
mation was accurate when the RMSE was less than 2 %.
Figure 6 compares SWCs acquired from MTSLs and the
mean SWCs on the two hillslopes, which demonstrates that
SWC at S8 and P10 can be used to represent changes in
mean SWC.

We then estimated mean SWC using the indirect method.
On the shrub hillslope, MABE ranged from 5.4 % to 31.1 %,
with a mean value of 16.9 %, and location M5 had the low-
est MABE (5.4 %), indicating that SWC was time-stable
(Hu et al. 2010a). Based on Eq. 6, SWC at location M5 was
then used to estimate mean SWC on the investigated slope.
Results of a linear-fitting analysis between the estimated
and measured means SWC on the shrub slope demonstrated
that the indirect method can be successfully used to esti-
mate mean SWC (NSCE 0.86, RMSE 1.29 %).
Similarly, MABE ranged from 9.9 to 37.1 % on the grass-
shrub hillslope with a mean value of 18.1 %, location R9 had
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the lowest MABE (9.9 %) and was thus used to calculate
mean SWC with reliable results (NSCE = 0.76, RMSE =
1.63 %). In addition, with respect to mean MABE, there was
a higher degree of temporal stability on the shrub hillslope
than on the grass-shrub hillslope, which is in accordance
with the previous analyses. Figure 6 presents the mean
SWC acquired using both the direct and indirect methods,
which shows that the indirect method is able to predict mean
SWC better than direct method (NSCE is increased by 0.17
and 0.11, respectively, while RMSE is reduced 0.67 and
0.33 %). Other researchers have also shown that estimat-
ing mean SWC by the indirect method gives more accurate
results than using the direct method (Hu et al. 2012; Li
et al. 2016). This is because the MRD of MTSLs devi-
ates slightly from zero in the direct method (the MRDs of
MTSLs was 0.77 and —8.09 % on the two hillslopes, respec-
tively), which causes the SWC of the MTSLs to deviate to
some extent from the mean SWC of an area (Starks et al.
2006; Hu et al. 2010b), whereas the indirect method elimi-
nates the deviation by introducing a constant offset (MRD).
Because of the high heterogeneity of the karst land form
(thin and discontinuous soil, caves and sinkholes formed by
the dissolution of highly soluble carbonate rock, and rock
outcrop (Chen et al. 2010)) soil water is more randomly dis-
tributed than in non-karst regions. For example, soil water
after rainfall is redistributed in relation to the random occur-
rence of exposed bedrock, and thus locations with MRD
values close to 0 may be not time-stable (a smaller SDRD
and MABE). There would be no MTSLs based on some
principles in the karst area, such as an allowable bias of 5 %

B/ o
O Direct method g ° O Direct method
O Indirect method Q O Indirect method
~~~~~~~ + 2% SWC o] + 2% SWC
o
T T T T T T T T
5 10 15 20 25 305 10 15 20 25 30
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for both MRD and SDRD (Li et al. 2016). In this case, time-
stable locations with non-zero MRD could then be applied
to estimate the mean SWC by using Eq. 6. Because the
locations have the smallest values of SDRD/MABE, the rel-
ative difference at any time is approximately equal to the
MRD, and mean SWC can then be estimated by introducing
a constant offset (MRD). When an allowable bias of 5 %
for both the MRD and SDRD cannot be obtained, we there-
fore recommend use of the indirect method to acquire mean
SWC.

Relationship between SWC and soil properties

The spatial variation of SWC is related to characteristics of
the soil, topography, and vegetation (Jacobs et al. 2004; Zhu
et al. ; Chen et al. 2009; Chen et al. 2010; Hu et al. 2011; Jia
et al. 2013). To analyze the relationship between SWC or
MRD and soil properties and topography on the karst hill-
slope, a Pearson correlation analysis was conducted. This
analysis was only performed on the shrub hillslope. Table 4
shows the correlation between MRD and rock fragment
content (RFC), bulk density (BD), saturated soil hydraulic
conductivity (Ks), clay content (Clay), silt content (Silt),
sand content (Sand), soil organic matter (SOC), and site ele-
vation (SE). Thus, soil texture (clay, sand and silt content),
SE, and RFC had a significantly higher correlation with
MRD than BD, Ks, or SOC (Table 4).

There was a highly significant correlation between MRD
and soil texture (P < 0.01) (Table 4). The MRD was
positively correlated with the clay and silt content and

Table 4 Pearson correlation coefficients between MRD and investigated variables

RFC BD Ks

Clay

Silt Sand SOC SE

MRD —0.745** —0.482** —0.367**

0.799**

0.863** —0.893** 0.344** —0.754**

**Significant at 0.01 probability level
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negatively correlated with sand content, suggesting that
SWC is strongly related with the silt+clay content. This
result is also consistent with that of previous studies
(Vachaud et al. 1985; Zhao et al. 2010; Gao and Shao 2012;
Jia et al. 2013). In addition, a highly significant (P < 0.01)
negative correlation was observed between BD and MRD
in our study, similar results were also reported by Gao and
Shao (2012), and Jia et al. (2013).

SE was negatively correlated with MRD (p < 0.01) at
a value of —0.754. The negative correlation between SWC
and elevation was consistent with other studies (Zhao et al.
2010; Biswas and Si 2011; Gao and Shao 2012; Jia et al.
2013). The significant correlation between elevation and
soil moisture in this study was attributed to the relatively
high difference in elevation (64.72 m) between measure-
ment points. Thus, it is considered that topography should
be taken into account when researching SWC spatial pat-
terns in areas characterized by diverse or complex terrain
(Lin 2006; Jia et al. 2013), such as karst hillslopes.

Karst mountainous regions are often characterized by
the presence of rock fragments in the surface soil, which
have a large effect on various hydrologic processes (Chen
et al. 2011). RFC was extremely significantly negatively
correlated with MRD (—0.745), and this may be due to the
fact that rock fragments increased the occurrence of macro
pores at the interface of soil and rock (Fu et al. 2015), thus
reducing the capacity for holding the rainfall.

A significantly negative correlation was observed
between Ky and MRD in this study (P < 0.01) (Table 4).
However, this result is inconsistent with the results of previ-
ous studies by Gao and Shao (2012) and Wang et al. (2013),
and the discrepancy could be related to the much higher
mean K value (Fu et al. 2015) in our study area (54.9 cm/ h)
compared to non-karst areas (2.55 cm/ h of loess soil, and
0.03 cm/h of glacial till soil). Higher K; indicates either
that there is an easy and rapid method of rain water infil-
tration into the deeper soil layers or bedrock via percolation
and drainage, or that water can be lost by evapotranspiration,
which induces a lower MRD.

SOC also was extremely significantly correlated with
MRD, this result is consistent with other studies (Gémez-
Plaza et al. 2001; Zhao et al. 2010; Biswas and Si 2011;
Wang et al. 2013). A high SOC content is always accom-
panied by high soil porosity, high root content, and activity
by soil organisms (Fu et al. 2015), which improve soil
structure, and may have a great effect on the spatial and
temporal variation of soil water. However, SOC can only
partly explain variations in SWC, as revealed by Schneider
et al. (2008), and as determined by our study, the correlation
coefficient was only 0.344.

The order of absolute values of Pearson correlation
coefficients between MRD and influencing factors was
sand content (0.893)>silt content (0.863) > clay content

(0.799) > SE (0.754) > RFC (0.745) > BD (0.482) > K,
(0.367) > SOC (0.344). We thus conclude that SWC on
the shrub hillslope is controlled by soil texture, SE, and
RFC.

Conclusions

This study investigated characteristics of temporal stability
of SWC on two typical karst hillslopes (shrub and grass-
shrub) in southwest China, with the aim to acquire mean
SWC values using a small number of sampling locations.
Based on the datasets for SWC (in the 0-16-cm layer)
measured from 130 and 129 locations at 12 and 11 sam-
pling times on the two hillslopes, respectively, the following
conclusions were drawn:

(1) The shrub hillslope was wetter than the grass-shrub
hillslope, mainly due to differences in soil texture,
hydraulic permeability, and topography. There was a
significantly negative relationship between the mean
and coefficient of variation of SWC on both hillslopes.

(2) By comparing the values of ry, SDRD, and MABE,
it can be inferred that there was a higher degree of
temporal stability of SWC during wet conditions than
during dry conditions.

(3) Based on values of ITS, which were a combination of
MRD and SDRD, two locations were determined to
be representative of mean SWC on the two hillslopes.
These locations were capable of capturing changes in
mean SWC (NSCE = 0.69, 0.65, and RMSE = 1.96,
1.96 %, respectively), which demonstrates the applica-
bility of temporal stability of SWC in acquiring mean
SWC on karst hillslopes.

(4) The indirect method was successfully used to esti-
mate mean SWC (NSCE = 0.86, 0.76, and RMSE =
1.29, 1.63 %, respectively). It predicted mean SWC
more closely than the direct method, as it eliminates
deviation by introducing a constant offset (MRD). We
therefore recommend the use of the indirect method
for acquiring mean SWC, when an allowable bias of 5
% for MRD and SDRD cannot be achieved.

(5) Soil texture, RFC, and elevation were primarily
responsible for the pattern of SWC on the karst hills
lope.

These findings will contribute to understanding SWC pat-
terns on karst hillslopes, with implications for ground sam-
pling design, and the management of soil water resource.
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National Nature Science Foundation of China (41671287,
41301300 and 51379205). We thank Dr. Wei Hu from Plant
and Food Research, Auckland, and Dr. Susanne Schwinning

@ Springer



25278

Environ Sci Pollut Res (2016) 23:25267-25279

from Texas State University, for their technical support in
this study.

References

Biswas A, Si B (2011) Identifying scale specific controls of soil
water storage in a hummocky landscape using wavelet coherency.
Geoderma 165:50-59

Brocca L, Melone F, Moramarco T, Morbidelli R (2009) Soil mois-
ture temporal stability over experimental areas in central Italy.
Geoderma 148:364-374

Chen H, Liu J, Wang K, Zhang W (2011) Spatial distribution of rock
fragments on steep hillslopes in karst region of northwest Guangxi,
China. Catena 84:21-28

Chen H, Zhang W, Wang K, Fu W (2010) Soil moisture dynamics
under different land uses on karst hillslope in northwest Guangxi,
China. Environ Earth Sci 61:1105-1111

Chen X, Zhang Z, Chen X, Shi P (2009) The impact of land use and
land cover changes on soil moisture and hydraulic conductivity
along the karst hillslopes of southwest China. Environ Earth Sci
59:811-820

Cho E, Choi M (2014) Regional scale spatio-temporal variability of
soil moisture and its relationship with meteorological factors over
the korean peninsula. J Hydrol 516:317-329

Cosh MH, Jackson TJ, Moran S, Bindlish R (2008) Temporal per-
sistence and stability of surface soil moisture in a semi-arid
watershed. Remote Sens Environ 112:304-313

Fu T, Chen H, Zhang W, Nie Y, Gao P, Wang K (2015) Spatial
variability of surface soil saturated hydraulic conductivity in a
small karst catchment of southwest China. Environ Earth Sci
74:2381-2391

Gao L, Shao M (2012) Temporal stability of soil water storage in
diverse soil layers. Catena 95:24-32

Gao X, Wu P, Zhao X, Shi Y, Wang J (2011) Estimating spatial
mean soil water contents of sloping jujube orchards using temporal
stability. Agric Water Manag 102:66-73

Goémez-Plaza A., Martinez-Mena M., Albaladejo J, Castillo V (2001)
Factors regulat ing spatial distribution of soil water content in
small semiarid catchments. J Hydrol 253:211-226

Grayson RB, Western AW (1998) Towards areal estimation of soil
water content from point measurements: time and space stability
of mean response. J Hydrol 207:68-82

Heathman GC, Cosh MH, Merwade V, Han E (2012) Multi-scale
temporal stability analysis of surface and subsurface soil mois-
ture within the upper cedar creek watershed, indiana. Catena
95:91-103

Hu W, Shao M, Han F, Reichardt K (2011) Spatio-temporal vari-
ability behavior of land surface soil water content in shrub-and
grass-land. Geoderma 162:260-272

Hu W, Shao M, Han F, Reichardt K, Tan J (2010a) Watershed scale
temporal stability of soil water content. Geoderma 158:181-198

Hu W, Shao M, Reichardt K (2010b) Using a new criterion to identify
sites for mean soil water storage evaluation. Soil Sci Soc Am J
74:762-773

Hu W, Si B (2014) Can soil water measurements at a certain depth be
used to estimate mean soil water content of a soil profile at a point
or at a hillslope scale? J Hydrol 516:67-75

Hu W, Tallon L, Si B (2012) Evaluation of time stability indices for
soil water storage upscaling. J Hydrol 475:229-241

Jacobs JM, Mohanty BP, Hsu EC, Miller D (2004) Smex02: Field scale
variability, time stability and similarity of soil moisture. Remote
Sens Environ 92:436—446

@ Springer

Jia X, Shao M, Wei X, Wang Y (2013) Hillslope scale temporal
stability of soil water storage in diverse soil layers. J Hydrol
498:254-264

Jia YH, Shao M (2013) Temporal stability of soil water storage under
four types of revegetation on the northern loess plateau of China.
Agric Water Manag 117:33-42

Jiang Z, Lian Y, Qin X (2014) Rocky desertification in southwest
China: impacts, causes, and restoration. Earth Sci Rev 132:1-12

Li X, Shao M, Jia X, Wei X (2016) Profile distribution of soil-water
content and its temporal stability along a 1340-m long transect on
the loess plateau, China. Catena 137:77-86

Lin H (2006) Temporal stability of soil moisture spatial pattern and
subsurface preferential flow pathways in the shale hills catchment.
Vadose Zone J 5:317-340

Liu B, Shao M (2014) Estimation of soil water storage using temporal
stability in four land uses over 10 years on the loess plateau, China.
J Hydrol 517:974-984

Liu M, Xu X, Sun AY, Wang K, Liu W, Zhang X (2014) Is south-
western China experiencing more frequent precipitation extremes?
Environ Res Lett 9(064002)

Martinez-Fernandez J., Ceballos A (2003) Temporal stability of soil
moisture in a large field experiment in Spain. Soil Sci Soc Am J
67:1647-1656

Penna D, Brocca L, Borga M, Dalla Fontana G (2013) Soil mois-
ture temporal stability at different depths on two alpine hillslopes
during wet and dry periods. J Hydrol 477:55-71

Schneider K, Huisman J, Breuer L, Zhao Y, Frede HG (2008) Tem-
poral stability of soil moisture in various semi-arid steppe ecosys-
tems and its application in remote sensing. J Hydrol 359:16—
29

She D, Zhang W, Hopmans JW, Timm L (2015) Area representative
soil water content estimations from limited measurements at time-
stable locations or depths. J Hydrol 530:580-590

de Souza ER, de Assungdo Montenegro AA, Montenegro SMG, de
Matos JDA (2011) Temporal stability of soil moisture in irri-
gated carrot crops in northeast brazil. Agric Water Manag 99:26—
32

Starks PJ, Heathman GC, Jackson TJ, Cosh MH (2006) Temporal
stability of soil moisture profile. J Hydrol 324:400-411

Sur C, Jung Y, Choi M (2013) Temporal stability and variability of
field scale soil moisture on mountainous hillslopes in Northeast
Asia. Geoderma 207:234-243

Tallon L, Si B (2004) Representative soil water benchmarking for
environmental monitoring. J Environ Inf 4:31-39

Vachaud G, Passerat de Silans A, Balabanis P, Vauclin M (1985) Tem-
poral stability of spatially measured soil water probability density
function. Soil Sci Soc Am J 49:822-828

Wang SJ, Liu QM, Zhang DF (2004) Karst rocky desertification in
southwestern China: geomorphology, landuse, impact and rehabil-
itation. Land Degrad Dev 15:115-121

Wang X, Pan YX, Zhang YF, Dou D, Hu R, Zhang H (2013) Tem-
poral stability analysis of surface and subsurface soil moisture for
a transect in artificial revegetation desert area, China. J Hydrol
507:100-109

Wang Y, Hu W, Zhu Y, Shao M, Xiao S, Zhang C (2015) Vertical
distribution and temporal stability of soil water in 21-m profiles
under different land uses on the loess plateau in China. J Hydrol
527:543-554

Yang Q, Zhang F, Jiang Z, Yuan D, Jiang Y (2016) Assessment of
water resource carrying capacity in karst area of southwest China.
Environ Earth Sci 75:1-8

Zhang Z, Chen X, Ghadouani A, Shi P (2011) Modelling hydro-
logical processes influ enced by soil, rock and vegetation in a
small karst basin of southwest China. Hydrol Process 25:2456—
2470



Environ Sci Pollut Res (2016) 23:25267-25279

25279

Zhao 'Y, Peth S, Wang X, Lin H, Horn R (2010) Controls of surface soil
moisture spatial patterns and their temporal stability in a semi-arid
steppe. Hydrol Process 24:2507-2519

Zhou X, Lin H, Zhu Q (2007) Temporal stability of soil moisture spa-
tial variability at two scales and its implication for optimal field
monitoring. Hydrol Earth Syst Sci Discuss 4:1185-1214

Zhu Q, Lin H (2011) Influences of soil, terrain, and crop growth on
soil moisture variation from transect to farm scales. Geoderma
163:45-54

Zhu Y, Shao M, 2008 Variability and pattern of surface moisture on a
small-scale hillslope in liudaogou catchment on the northern loess
plateau of China. Geoderma 147:185-191

@ Springer



	Temporal stability analysis of surface soil water content on two karst hillslopes in southwest China
	Abstract
	Introduction
	Materials and methods
	Study site
	Experimental design and data collection
	Temporal stability analysis
	Direct and indirect methods for estimating mean SWC
	Statistical indicators

	Results and discussion
	Precipitation and mean surface SWC
	Temporal stability analysis of SWC
	Temporal stability: Spearman’s rank correlation test
	Identification of representative locations for acquisition of mean SWC

	Relationship between SWC and soil properties

	Conclusions
	References


