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Abstract: Farmed catchments have greater temporal and spatial heterogeneity of soil moisture
than natural catchments. Increased knowledge about the variation of soil moisture in farmed
catchments has important implications for the adoption of appropriate tillage measures for agriculture.
The purpose of this study was to determine the spatial and temporal variability of soil moisture as
controlled by the environment on a farmed catchment in a typical dry-hot valley (DHV) by integrating
geostatistical and redundancy analysis (RDA). We monitored soil moisture in topsoil (0-20 cm) and
subsoil (20-40 cm) layers at 51 points on eight occasions from July 2012 to March 2014, and determined
the environmental factors of soil particle-size distribution, soil organic matter, slope aspect, slope
gradient, elevation, and a topographic wetness index (WI) modified for semiarid conditions at
each point. The results showed that, under the influence of high evaporation, soil moisture in the
topsoil was significantly lower than that of subsoil in the DHV. In this study, we observed a strong
temporal variation of soil moisture, which was influenced by the seasonal variation of crop cover
and lagged behind that of rainfall. Relatively high soil moisture levels were found on the watershed
divide and hillside sites of the catchment, and lower on the valleyside sites. Different from other
studies, RDA analysis indicated that the WI was not correlated with soil moisture in the DHV;
instead, clay and sand levels were the dominant control factor of soil moisture in the farmed DHV.
We proposed that soil erosion in the DHV could lead to such increases of sand and decreases of
clay content, thus influencing soil moisture content. Soil and water conservation measures will be
especially important for valleyside sites with steep slopes.

Keywords: soil moisture; farmed catchment; redundancy analysis; upper red river

1. Introduction

Soil moisture is an important component of the complex and interacting continuum soil-vegetation—
atmosphere system. It indirectly influences earth surface processes, such as surface runoff, erosion,
chemical exchange, as well as transport of solutes and water [1-4]. The interactions between soil
moisture, plants, and atmosphere affect vegetation growth and carbon cycling, especially in arid and
semi-arid areas where evaporation is greater than the cumulative rainfall [5]. However, soil moisture
varies not only in space, but also in time [6], and assessing the temporal and spatial distribution of soil
moisture has become one of the major challenges for hydrology and bioclimatology in recent years [7].

The temporal and spatial variability of soil moisture and the relationship between environmental
conditions and soil moisture have been widely studied in the past few years [1,4]. We know from these
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studies that the dominant factors influencing soil moisture are vegetation [8-13], topography [7,14-19],
and soil properties [15,16]. In these studies, correlation analysis was firstly used to calculate
the relationships between the soil moisture and environmental variables. Subsequently, multiple
regression and principal component analysis were applied to detect the relative importance of the
different variables. There is only one response variable in these statistical methods, in which the
data of the response variable is usually the mean value for all monitoring occasions. Redundancy
analysis (RDA), a technology of canonical ordination, combines regression and principal component
analysis (PCA), in which ordination axes are constrained to be linear combinations of environmental
variables [20]. RDA summarizes all of the variance of the response variables and provides a synthetic
and simple interpretation of the relationships between multiple response and explanatory variables [21].
RDA can characterize the significance of multiple environmental variables as controls for biological
processes, and has been widely applied in identification key environmental factors controls on
plant [22,23], microorganism [24,25], soil [26,27] and other processes [28]. The advantage of RDA
allows direct assessment of the relationship between known environmental variables and variation in
the multivariate data. RDA analysis has been most extensively used in the ecological sciences [29].
However, few studies have applied RDA to the analysis of the variations of soil moisture.

Variability in soil moisture among different land uses has received much interest in recent
years [11-13,16]. Land use and cover can affect topsoil structure, thereby changing the spatial and
temporal distribution of soil moisture [8,13,17,30]. Compared to catchments with natural or artificial
vegetation, farmed catchments exhibit greater temporal and spatial heterogeneity of soil moisture
as a result of agricultural practices and land management [17,31,32]. However, only a few studies
have focused on the temporal and spatial variability and environmental controls on soil moisture in
farmed catchments [17,33]. Hawley et al. [33] showed that topography was the most important factor
controlling the distribution of soil moisture in small agricultural catchments in Chickasha, Oklahoma.
Hébrard et al. [17] found that soil surface characteristics were the main factors controlling the temporal
and spatial distribution of surface soil moisture in both wet and dry periods in a farmed Mediterranean
catchment. Clearly, the importance of environmental factors on farmland soil moisture varies with
study areas.

The dry-hot valley region in Southwestern China is a typical semi-arid area with annual rainfall
significantly below evaporation levels, and includes parts of the deeply incised valleys along the Nu,
Lancang, Yuanjiang, Jinsha, and Nanpan river basins [34]. Because of the abundant sunshine and
the quantity of heat, the DHV plays a very important role in local crop and fruit production [35].
The majority of the rainfall events are concentrated during the rainy season, which account for
80%~90% of the total annual rainfall in these areas [36]. However, low annual rainfall coupled with
high evaporative demand limit crop production [37,38]. Moreover, the slope gradient can reach
more than 35° in the DHV and thus can be described as very steep slopes [39]. The common steep
slope cultivation can, without appropriate conservation efforts, result in dramatic deterioration of
natural environment, vegetation destruction and serious soil erosion in the DHVs [38—41]. Under these
conditions, soil moisture content is regarded as the main limiting factor for plant growth and crop
production in this area [38,42]. Nevertheless, farmed land cultivation is the main source of food and
income for local people, little is known about the spatial and temporal variability and environmental
factors controlling the soil moisture for farmed land in the DHV. Increased knowledge about these
issues has important implications for the local hydrology of farmed catchments, and is critical in efforts
to adopt appropriate tillage measures for local agriculture.

In this study, we focused on the dry hot valley (DHV) region in Southwest China, and selected
a farmed catchment with uniform management practices as case-study areas. The purpose of our
study was to (1) evaluate temporal and spatial variability of soil moisture at the catchment-scale in
agricultural lands of the DHYV; (2) explore the main environmental controls on soil moisture by using
redundancy analysis.
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2. Materials and Methods

2.1. Study Area

The Laozhai agricultural catchment used in this study is located on the right bank of the Yuanjiang
River DHV (latitude 23°57'44" N to 23°58'7" N, longitude 101°3813" E to 101°39'10” E) (Figure 1).
Southwestern warm and wet monsoons, coming from the Indian Ocean, are blocked by the Ailao
Mountains on the right bank of the Yuanjiang River, resulting in a Foehn effect and a dry and hot
climate in the Yuanjiang River valley [42]. The local climate is characterized by a high heat flux,
high accumulated temperature, hot summers, warm winters, low rainfall, high evaporation, and low
humidity. The annual average temperature is 23.9 °C. The annual precipitation is 781 mm and the
annual potential evaporation is 2892 mm, resulting in extreme aridity of this region in the dry season.
Eighty percent of the annual precipitation is concentrated in the rainy season (late May to mid-October);
the dry season is about 7 months long. The Laozhai catchment covers an area of 0.57 km?, about 95%
of which is farmland. Corn (Zea mays L.) and sugarcane (Saccharum sinense Roxb.) are planted in the
rainy season. The Torrid red soil, widely distributed in this area, has a thin soil layer and high sand
content [43].
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Figure 1. Study area and sampling points at the Laozhai catchment in the DHV, Southwestern China.
Contour interval: 10 m. Contour interval is the same for the following figures.

2.2. Soil Moisture Monitoring

Fifty-one sampling points were selected for the monitoring of soil moisture at the Laozhai
catchment (Figure 1), considering the following factors: (1) uniform crop and agricultural management
practices; (2) lack of major human or natural perturbations (canals, roads, gullies or landslides);
and (3) presence of all slope positions (valleyside, hillside, watershed divide, and toe slope). At each
monitoring point, soil samples of topsoil (0-20 cm) and subsoil (2040 cm) layers were collected using
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a soil auger with a 5-cm diameter on eight occasions from July 2012 to March 2014. After collection,
samples were placed in aluminum cans with tight-fitting lids. Soil moisture was determined by the
oven-drying method [44]. After being weighed, fresh samples were oven-dried for 24-48 h at 105 °C
until a constant weight. Gravimetric soil moisture content (in percent) of each sample was calculated
as the ratio of the mass of the soil moisture (mass of wet soil minus mass of dry soil) to the mass of the
dry soil. Rainfall was recorded using an automatic tipping bucket rain gauge located in the Laozhai
catchment. The temporal resolution of rainfall intensity measurements was 60 s.

2.3. Environmental Variables

At each monitoring point, additional topsoil and subsoil samples were collected to determine
soil particle-size distribution and soil organic matter (SOM) content. Soil samples were air dried at
room temperature and sieved through a 2-mm nylon sieve. Particle size distribution was measured
using the pipette method after HyO, treatment to remove organic matter; the sand fraction was
0.020-2.000 mm in diameter, silt 0.002-0.020 mm, and clay <0.002 mm [44]. SOM was measured using a
combustion method after soil samples were sieved through a 0.15 mm mesh [44]. Topographic variables,
including elevation, slope gradient, aspect and upslope contributing area (As) were estimated from a
Digital Elevation Model with a resolution of 5 m based on a 1:10,000 digital topographic map of this
catchment by using ArcGIS 10.0 (ESRI, Redland, CA, USA).Topographic wetness index is considered
a good indicator of soil moisture pattern at different zones where overland flow dominates water
transport processes [16,45]. Considering the dry-hot valley region with high evaporation, we computed
topographic wetness index based on the model of Gémez-Plaza et al. [16] for semiarid conditions,
which was derived from the index of Beven and Kirby [45]:

WI = 1n<ASPeCtXAS>

slope

where WI is the topographic wetness index. Calculation of WI was also completed in the spatial
analyst in the ArcGIS 10.0 (ESRI, Redland, CA, USA).

As (units = m?/m) is the upslope contributing area per unit contour length at a point and this
unit area has also been called the specific catchment [46].

Aspect was also calculated in the spatial analyst in the ArcGIS 10.0 (ESRI, Redland, CA, USA),
which was measured in degrees clockwise from north in the ArcGIS. As the same as Gémez-Plaza et al. [16],
we simplified the analysis of the aspect by defining eight classes of slope orientation assigning a number
between 1 and 8 to each class according to a range of degrees as shown in Figure 2.

Slope (units = m/m) is the tangent of local slope gradient of the terrain at a point [46].
Slope gradient was assigned to 0.000001, if slope gradient is 0° in the spatial analyst in the ArcGIS 10.0
(ESRI, Redland, CA, USA).

For a more detailed explanation of this formula, see Gémez-Plaza et al. [16], Beven and Kirkby [45]
and Moore et al. [46].
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Figure 2. Number assigned to each sampling site according to its aspect.
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2.4. Statistical Analyses

One-Sample Kolmogorov-Smirnov (K-S) test was performed to test whether the soil moisture
and environmental variable data follow normal distribution. Independent sample t test was used to
test the difference between soil moisture in the top- and subsoil layers. Coefficient of variation (CV)
was identified as a basic parameter for spatial variability in soil moisture. Possible changes in the
soil moisture spatial pattern and controls under different environmental conditions were investigated
under wet and dry conditions of soil moisture for eight sampling dates defined using Hierarchical
Cluster analysis. If the data of soil moisture and environmental variables are normality, the correlations
between them were measured by using Pearson’s parametric correlation analysis. If not, Spearman
Rank correlation analysis would be used. All above analysis were conducted using SPSS 16.0 for
Windows (SPSS Inc., Chicago, IL, USA).

We applied RDA to identify the relative importance of environmental variables in controlling
variation in soil moisture and implemented using CANOCO version 5.0 (Microcomputer Power,
Ithaca, N, USA). The choice of this linear ordination method was based on short gradient lengths
(<1.5 SD) determined from preliminary detrended correspondence analysis (DCA). The environmental
variables used in the analysis were soil particle-size distribution (silt, clay, and sand content), SOM,
topographic variables (aspect, elevation, and slope gradient), and topographic wetness index (WI).
The relationships between soil moisture content, environmental variables, and sample points were
interpreted using a correlation triplot with scaling 2. In the RDA triplot, the correlation between soil
moisture and an environmental variable can be approximated by a perpendicular projection of soil
moisture arrow-tips onto the line overlaying the environmental variable arrow. The further a projection
point fall in the direction indicated by the arrow, the higher the correlation, with a projection point
near the coordinate origin (zero point), suggesting near zero correlation. If the projection point aligns
in the opposite direction, the predicted correlation is negative [29]. RDA with summarized effects of
expl. variables was used to extract environmental variables that most strongly explain variation in the
soil moisture. The criteria for environmental variables to be included in the RDA concise model were
set to p < 0.05 by using the summarized effects procedure in CANOCO. To select the most significant
variables and to avoid the problem of multicollinearity, the process of selection goes on until no more
variables significantly explain the residual variation [24]. For a more in-depth explanation of the RDA,
see Smilauer and Leps [29].

Ordinary kriging interpolation was used to estimate the spatial distribution of soil moisture
in the catchment under wet and dry conditions. If soil moisture data were not normally
distributed, they were transformed for geostatistical analysis using a Box—Cox transformation [47].
Then, the semi-variogram model was used to indicate the degree of spatial continuity of the soil
moisture content. Three parameters, including nugget, sill, and range, were used to describe the
semi-variogram. Common semi-variogram models include the Spherical, Exponential, and Gaussian
models, which fit the experimental data [48,49]. Based on the index of the prediction error, including
the root mean square, the average standard error, the standardized mean, and the standardized
root mean square produced by different semi-variogram models, the Gaussian model was the best
theoretical model for the soil moisture data. Based on the Gaussian model, the spatial distribution
of the soil moisture in the catchment under wet and dry conditions was estimated using ordinary
kriging interpolation [50]. For specific details, see Cressie [47]. Ordinary kriging interpolation was
implemented using ArcGIS 10.0 (ESRI, Redland, CA, USA).

3. Results and Discussion

3.1. Temporal Variation of Soil Moisture

The Kolmogorov-Smirnov test showed environmental variable data and average soil moisture
content in the top- and subsoil layers were normally distributed (p > 0.05), except for aspect (Table 1).
Average soil moisture was 14.67% and 17.16% in the top- and subsoil layers, respectively. Independent
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sample t-test showed that the average soil moisture in the subsoil was significantly higher than that in
topsail (t = —4.32, p = 0.00; probability of two-tailed test by independent sample t-test). Higher soil
water evaporation and vegetation cover transpiration in the top than in subsoil was mainly responsible
for this result [36]. A similar observation had also been made in the semi-arid Loess Plateau [6]
and in black soils in Northeastern China [51]. The average CV for the temporal distribution of soil
moisture in topsoil was 0.29, slightly higher than the value of 0.25 for subsoil, indicating that soil
moisture in topsoil had greater temporal variability than that in subsoil. Choi and Jacobs [52] also
found lower variability in soil moisture in deeper layers than in topsoil, while Penna et al. [53] found
the opposite. The balance between evaporation and rainfall may cause higher variability in topsoil than
in subsoil [53,54]. The average CV for the spatial distribution of soil moisture in top- and subsoil was
0.27 and 0.26, respectively, and was higher than that observed at large scales (178-242 km?) (CV = 0.21
on average [2]), field scale in a low-hill region (CV = 0.09 on average [1]), and the hillslope scale
in a steep alpine terrain (CV = 0.20-0.21 on average [53]). In general, variability of soil moisture in
mountainous regions is expected to be higher relative to other landscapes [36]. The Laozhai catchment
is a typical mountainous region [55], where highly heterogeneous topography (Table 1), poor water
retention capacity of the Torrid red soil, and high evaporation rates could result in high variability
in soil moisture. In addition, the more extensive farming and higher rates of soil erosion in the DHYV,
compared with other regions, also contributed to the high variability in soil moisture.

Table 1. Descriptive statistics and Kolmogorov-Smirnov test for soil properties in each soil layer and
topographic factors (aspect, elevation, and slope gradient), WI and average soil moisture in the topsoil
and subsoil layer for 51 sampling points.

EF1 SL2 M3  Min4 Max.5 SD6 CV’ K S9 p10
Silt (%) Topsoil  16.15 7.39 26.44 374 0.23 0.18 018 097
o Subsoil  15.54 5.32 21.66 3.46 0.22 034  —048 098
Clay (% Topsoil 3412 1817  63.72 9.42 0.28 2.80 134 042
y (e Subsoil  37.40 6.54 6705 1048 0.28 191 033 067
Sand (%) Topsoil ~ 4973 2456  65.89 8.59 0.17 192 —085 044
o Subsoil  47.06 2456 8814 1070 0.23 3.62 098 050
Topsoil 2337 1228  41.63 6.06 0.26 133 080 029

To—1 P
SOM(gkg™)  gupsoil 1818 7.41 3495 6.05 0.33 0.27 080 0.2
Aspect _ 3.29 1 7 2.10 064  —100 046 003
Elevation (m) — 74029 49034 94000 14499 020  —133  —045  0.19
Slope gradient (°) — 24.99 0.00 50.44 11.54 0.46 0.47 —0.16 0.85
WI — 1583 1198 1889 161 010  —025  —057 034
Topsoil  14.67 8.99 2335 259 0.18 192 077 031

Soil moisture (%)
Subsoil 17.16 10.00 25.66 3.19 0.19 0.33 —0.00 0.95

Notes: ! Environmental factors, 2 Soil layer, 3 Mean, # Minimum, > Maximum, ¢ Standard deviation, 7 Coefficient
of variations, 8 Kurtosis, ? Skewness, 1V Probability of two-tailed test by the Kolmogorov-Smirnov test. If the
probability is more than 0.05 (the significance at 0.05 level), the data distribution is normal. If not, it is non-standard.

Temporal variation in soil moisture in the two soil layers exhibited a similar pattern during the
monitoring period (Figure 3). In 2012, the highest soil moisture was observed in October, but the
highest precipitation occurred in August. Although the peak of precipitation in 2013 was observed in
August, soil moisture increased gradually from April to September. Temporal variation in soil moisture
in the two soil layers lagged behind peak monthly precipitation (Figure 3). This was because crop cover
was relatively low, while evaporation increased [52] from March to August 2013; high evaporation can
reduce soil moisture despite gradually increasing precipitation. After August, crops such as corn and
sugar cane were fully developed, so that the high surface-cover of crops can reduce evaporation [56,57];
as a result, soil moisture exhibited an increasing trend when precipitation decreased. This was different
from the temporal variation in soil moisture in natural catchments, where soil moisture changed
seasonally strongly corresponding to rainfall amounts [6,12,19,58].
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Figure 3. Variations in average soil moisture in the top- and subsoil layers, and monthly rainfall in the
Laozhai catchment from July 2012 to March 2014. The bars represent standard error of the mean of
51 samples.

3.2. Spatial Distribution of Soil Moisture

It has been shown that the spatial distribution of soil moisture and environmental control factors
were strongly affected by the condition of soil moisture [54,59,60]. In our study, we identified wet and
dry soil moisture conditions by Hierarchical Cluster analysis (Figure 4). Soil moisture conditions of
topsoil on sampling dates of 6 October 2012, 16 September 2013, 8 January 2014, and of subsoil on
1 July 2012 was defined as wet. Soil moisture conditions on the remaining sampling dates were defined
as dry. Wet conditions referred to spatially average soil moisture content above 18% in the topsoil and
subsoil layers, and dry conditions referred to less than 14%.

a) Topsoil layer (0-20 cm)
0 5 10 15 20 25

28Dec2012 3 L . 1 ! !
1Apr2013 4

31May 2013 5 T

24 Mar 2014 8
1jul2012 1—

16Sep 2013 6 j—
8Jan 2014 7
60ct2012 2

b) Subsoil layer (20-40 cm)

0 5 10 15 20 25
1Apr2013 4! ! : 1 ' .
31 May 2013
28 Dec 2012

4
5
3
24 Mar 2014 8
3
6
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1

6 Oct 2012
16 Sep 2013
8 Jan 2014
1Jul 2012

Figure 4. Dendrogram of soil moisture in the top- and subsoil layers using Between-groups linkage.

The data of average soil moisture under wet and dry conditions showed a normal distribution
based on the Kolmogorov-Smirnov test (Table 2). Spatial distribution of soil moisture in both soil
layers under dry and wet conditions were shown in Figure 5. Soil moisture in both soil layers exhibited
a patchy pattern under wet condition, and was relatively evenly distributed under dry conditions.
A similar observation was reported from a desertified riparian area in Southern China by Li et al. [61].
Generally, relatively high soil moisture levels were found on the watershed divide and hillside sites
of the catchment (Figure 5), and relatively low soil moisture levels were observed on the valleyside
sites (Figure 5). Low relief promotes infiltration by surface runoff [62,63]; therefore the relatively
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low slope gradient in the watershed divide and hillside sites of the catchment in this study may be
responsible for the high soil moisture content. In general, in wet conditions, spatial distribution of
soil moisture was dominated by lateral water movement by both surface and subsurface pathways,
and steep slopes of the catchment may lead to fast surface runoff from high areas to toe slope [64].
Moreover, a relatively high elevation in the watershed divide region of the catchment may exhibit
lower evaporation rates than elsewhere, and promote moisture retention in soil [65] regardless of the
soil moisture conditions. Contrary to that, Li et al. [61] found in a semi-arid plateau sites lower soil
moisture at higher elevations, and higher soil moisture at lower elevations. Undoubtedly, there was a
very variable orographic rain events in the DHYV, due to the Foehn phenmena are frequent, resulted in
the obvious spatial variability for precipitation. However, we did not analyze the effect of precipitation
to the spatial distribution of soil moiusutre because of the limted observation condition, which would
be conducted in the further research.

Table 2. Descriptive statistics and Kolmogorov-Smirnov test for average soil moisture for wet and

dry conditions.

scl SL 2 M3 Min. ¢  Max. 5 S.D°® cv’? K8 S?9 p1o
Wet Topsoil 18.97 10.78 26.09 3.35 0.18 —0.02 0.01 0.46
€ subsoil 20.93 13.18 29.74 3.62 0.17 0.25 0.03 0.67
dr Topsoil 12.09 6.73 23.12 2.68 0.22 498 1.64 0.09
y subsoil 13.38 6.24 21.59 3.18 0.24 0.36 0.28 0.64

Notes: ! Soil condition, 2 Soil layer, 3 Mean, 4 Minimum, ®> Maximum, © Standard deviation, 7 Coefficient of variations,
8 Kurtosis, * Skewness, 10 Probability of two-tailed test by the Kolmogorov-Smirnov test. If the probability is more
than 0.05 (the significance at 0.05 level), the data distribution is normal. If not, it is no-standard.

a) Topsoil layer (0-20 cm)

Dry(%)

Wet(%)
M High : 26.09 M High : 23.12
Low:10.78 Low:6.73
Elevation Elevation
b) Subsoil layer (20-40 cm)
60y S0g ng %% S0

2 ))/‘])‘:, \
W
Dry(%)

Wet(%) :

M High : 29.74 M High : 21.59

lLow: 13.18 ELow : §.24
Elevation Elevation

Meters
0 125 250 500 750 1,000

Figure 5. Spatial distributions of soil moisture in the top- and subsoil layers in Laozhai catchment.

3.3. Correlations between Soil Moisture and Environmental Variables

Soil moisture in top- and subsoil was significantly positively correlated with clay content, and
negatively correlated with sand content in both wet and dry soil moisture conditions (Table 3).
Soil particle size distribution had been shown to have a strong influence over soil moisture
worldwide [15-17,33]. The significant positive correlation between clay and soil water levels may
be due to the fact that the water holding capacity of soil increases with a decrease in the size of soil
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particles [66]. The negative correlation between sand and soil moisture levels may be due to the high
infiltration capacity of sand, which favors vertical fluxes of water [16].

Under wet conditions, aspect was not correlated with soil moisture, but slope gradient was
negatively correlated with soil moisture in subsoil. Under dry conditions, soil moisture in top- and
subsoil exhibited a negative correlation with slope gradient and a positive correlation with elevation,
respectively. In general, the steep slope gradient favors runoff flow but should not favor high soil
moisture content [15,16,18,19]. Thus, the negative correlation was found between soil moisture and
slope gradient. Usually, the soil moisture at the point of low elevation would be supplemented by the
surface runoff and subsurface flow at the point of high elevation as the runoff is generated at some
point [54], consequently resulting in a negative correlation between soil moisture and elevation. In this
farmed catchment, soil moisture in topsoil under wet conditions was affected by leaf area index of
the crop because of high crop cover, which can decrease the likelihood that a rainfall event results
in a topographic redistribution of soil water [67]. Under dry conditions, when land was fallow after
harvesting, the topographic factor became important in determining soil moisture content. However,
a residual cover crop remained after harvesting, and any type of conservation tillage may also affect
soil moisture [68-71].

Weak correlations between soil moisture and WI were observed under wet and dry conditions in
both soil layers (Table 3). Since the development of a composite WI [3], a strong relationship between
WI and soil moisture content had been shown worldwide. Gémez-Plaza et al. [16] demonstrated that
WI could explain 29%, 44%, and 32% of soil moisture variability in wet, medium, and dry conditions,
respectively, in a semiarid catchment of Southwestern Spain. Takagi and Lin [72] found that WI
explained 28.5% and 40.1% of soil moisture variability at 10 and 40 cm depth, respectively, in shale-hill
catchments in a humid temperate region of the U.S. However, most of these studies focused on natural
catchments or hillslopes. In our study, the farmed valley catchment was largely influenced by dry and
hot climate and high sand content; thus, the relationship between WI and soil moisture was weak.
This implied that the WI, a composite topographic attribute, may not be effective at predicting the
spatial variation of soil moisture in farmed catchments of the DHV.

Table 3. Correlation coefficients between soil moisture content and environmental variables in top-
and subsoil layer.

Topsoil Subsoil
Environmental Factors Wet Condition Dry Condition Wet Condition Dry Condition
R p?2 R! P2 R p?2 R! p?2
Silt 0.26 0.06 —0.09 0.52 0.12 0.39 —0.12 0.39
Clay 0.44 ** 0.00 0.74 ** 0.00 0.47 ** 0.00 0.59 ** 0.00
Sand —0.60 ** 0.00 —0.78 ** 0.00 —0.50 ** 0.00 —0.54 ** 0.00
SOM 0.22 0.12 0.18 0.20 —0.09 0.52 —0.04 0.76
Aspect —-0.20 0.15 —0.02 0.91 —-0.07 0.63 —0.02 0.88
Elevation —0.06 0.69 0.26 0.07 0.08 0.56 0.33 * 0.02
Slope gradient —0.26 0.06 —0.35* 0.01 —0.31* 0.03 —0.23 0.10
WI 0.08 0.60 0.22 0.11 0.18 0.21 0.19 0.17

Notes: ! correlation coefficient, 2 Probability of two-tailed test, * and ** indicate that the correlation is statistically
significant at the 0.05 and 0.01 levels, respectively.

3.4. The Dominant Controls on Soil Moisture

RDA analysis of environmental factors and soil moisture was displayed on a triplot with samples
included (Figure 6). Eight environmental variables accounted for 38.3% and 47.7% of the total variation
in topsoil moisture under wet and dry conditions, respectively, and for 26.1% and 34.9% in subsoil
(Table 4). The cumulative variance obtained by the first two canonical axes contributed more than 23%
to the total variance in the two soil layers under wet and dry conditions (Table 4). The first ordination
axis was strongly correlated with sand and clay content, and the second with elevation, indicating that
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the first axis of the RDA mainly represented soil properties of sand and clay, and the second axis those

of topographic environmental factors (Table 5, Figure 6).

The results of the RDA differed somewhat from the correlation analysis described above, but not
fundamentally. The RDA confirmed the relationships among particle-size distribution, slope gradient,
and soil moisture in the correlation analysis. However, elevation was not only correlated with soil
moisture in the subsoil layer but also for the topsoil layer under dry conditions in the RDA, yet aspect
showed no significant correlation to soil moisture in the subsoil under wet conditions (Table 6, Figure 6).
The results of conditional effects showed that only two environmental variables were contained in
the RDA concise model in topsoil: sand and clay for wet conditions, and sand and elevation for dry
conditions, and only one environmental variable was contained in the subsoil: sand for wet conditions,
and clay for dry conditions (Table 6). These analyses showed that the spatial distribution of soil
moisture in topsoil and subsoil was primarily controlled by the particle-size distribution of sand and

clay in both soil

o
-

RDA2

-1.0

1.0

RDA2

-1.0

Figure 6. RDA triplot of the soil moisture content data constrained by all environmental variables,
scaling 2 (triplot interpretation rules: (1) Projecting an object at right angles on a response or a
quantitative explanatory variable approximates the value of the object along that variable; (2) The angles
in the triplot between the response and explanatory variables, and between the response variables
themselves or the explanatory variables themselves, reflect their correlations). Soil moisture and
environmental variables are represented by arrows (thin for soil moisture, thick for environmental
variables); samples are shown as circles. The bottom and left-hand axes are for the objects and response
variables, the top and right-hand axes are for the explanatory variables. (a) wet condition of soil
moisture in topsoil layer; (b) dry condition of soil moisture in topsoil layer; (c) wet condition of soil

moisture conditions (Table 6).
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Table 4. Characteristics of the first four axes from the RDA analysis.

Wet Condition Dry Condition
sL! . .
Statistic E?2 EV3 (%) EFV?%(%) Statistic E?2 EV3 (%) EFV* (%)

Axis 1 0.32 32.23 84.13 Axis 1 0.40 40.37 84.67

Topsoil Axis 2 0.05 37.12 96.90 Axis 2 0.04 44.73 93.81
Axis 3 0.01 38.30 100.00 Axis 3 0.02 46.49 97.50

Axis 4 — — — Axis 4 0.01 47.41 99.43

Axis 1 0.19 19.33 74.05 Axis 1 0.31 30.96 88.66

) Axis 2 0.04 23.26 89.11 Axis 2 0.02 33.45 95.79
Subsoil  Ajic3 002 2545 97.52 Axis3 001 3466 99.25
Axis 4 0.01 26.10 100.00 Axis 4 0.00 34.92 100.00

Notes: ! Soil layer, 2 Eigenvalues, ® Explained variation (cumulative), * Explained fitted variation (cumulative).

Table 5. Correlations between the explanatory variables and the ordination axes in the topsoil and
subsoil layer.

Wet Condition (Correlation Coefficient) = Dry Condition (Correlation Coefficient)

SL1! V2
Axisl Axis2 Axis3 Axis4 Axisl Axis2 Axis3 Axisd
Silt 0.26 0.18 0.21 0.00 —014 032 0.21 —0.17
Clay 0.45 014  -013  —000 075 0.03 0.08 0.08
Sand  —061 008 0.05 0.00 076  —018  —000  —0.01
o3 SOM 0.22 007  —003  0.00 0.19 004 002 0.08
P”  Aspect 023 013 0.13 0.00 014  —002 031 0.05
El4 002  -048  —000  —000 033 050 003  —0.09
Slope® 027  0.06 0.0 0.00 035  -010  0.16 ~0.06
WI 0.07 0.08 003 0.00 0.22 0.08 006  —0.05
Silt 013 013 024 006 NA NA NA NA
Clay  —047  —014 007  —003 063 0.06 0.01 ~0.03
Sand 0.51 0.10 0.08 002  -060 —014 007 0.04
. SOM 0.09 0.04 030  —010  —001  —021  —025  —001
Sub®  Aspect 0.1 0.07 0.04 009 009  —009 004 012
El4 —005  —048 007  —009 033 023 007 0.06
Slope®  0.35 018 —011 012 024 020 ~0.01 0.03
WI —018  —004  —002 005 0.22 0.19 0.00 0.09

Notes: ! Soil layer, 2 Variables, 3 Topsoil, * Elevation, ® Slope gradient, ® Subsoil, NA in the table indicate that the
correlation is statistically not significant at the 0.05 and 0.01 levels, respectively.

Table 6. Results of summarized effects of explanatory variables.

Wet Condition Dry Condition
SL?! Effects - -

ExV 2 Explained (%) F3 p4 ExV 2 Explained (%) F3 p4
Sand 249 16.2 0.002 Sand 36.1 27.6 0.002
. Clay 14.3 8.2 0.002 Clay 34.7 26.0 0.002

Ton 5 Simple effects - - - - elevation 9.6 52 0.01
P - - - Slope gradient 7.7 41 0.01
Conditional eff. Sand 249 16.2 0.002 Sand 36.1 27.6 0.002
onditional effects Clay 6.1 42 002 elevation 7.1 60 0002
Sand 16.4 9.6 0.002 Clay 28.0 19.0 0.002
6 Simple effects Clay 144 8.2 0.004 Sand 252 16.5 0.002

Sub Slope gradient 8.3 44 0008 Elevation 8.3 44 003
Conditional effects Sand 16.4 9.6 0.002 Clay 28.0 19.0 0.002

_ SS(Y)/m

" RSS/(n—m—1)
model, SS(Y) is the explained variation, RSS is the residual sum of squares,  Probability of two-tailed test, > Topsoil,
6 Subsoil.

Notes: ! Soil layer, 2 Explanatory variables, 3 Pseudo — F , m is the degrees of freedom of the

Our study confirmed the dominant role of soil particle-size distribution in controlling the spatial
pattern of soil moisture in both soil layers in wet and dry soil conditions at this catchment. The water
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holding capacity of clay and the high infiltration capacity of sand may result in the particular
correlations of clay and sand to soil moisture [16,66]. As a result, spatial distribution of soil moisture
content in our study was similar to the spatial distribution of particle-size distribution of soil at the
catchment scale (Figures 5 and 7). The clay content increased from the valleyside to the watershed
divide sites (Figure 7), and the soil moisture increased correspondingly (Figure 5). Increasing clay
levels were associated with decreasing hydraulic conductivity, which led to a higher water retention
capacity than in soils with low clay content [15,16]. This is in line with observations made by Baroni
and colleagues [59] in a maize field in a semi-humid region. They reported that a low sand content
corresponded to soils with high moisture levels. This was the case in our study (Figures 5 and 7).
Consequently, higher soil moisture content mainly occurred on the watershed divide and hillside
sites with high clay content, and lower soil moisture levels were present in the valleyside areas
with the higher sand content than elsewhere; this was observed in both soil layers (Figures 5 and 7).
These observations were confirmed by the analysis of the spatial distribution of soil moisture obtained
with the RDA triplot. This indicated the dominant role of soil particle-size distribution in driving soil
moisture levels in the DHV. On the other hand, it has been widely shown that soil erosion can change
the physicochemical properties of soil by increasing sand and decreasing clay levels [73]. Soil erosion in
the DHYV is severe and could lead to such increases of sand and decreases of clay levels, thus influencing
soil moisture content. Therefore, our results are applicable for soil- and water-conservation planning
at local scales. In particular, our results indicate that water conservation measures will be especially
important for valleyside sites with steep slopes.

a) Topsoil layer (0-20 cm)
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Figure 7. Spatial distributions of soil sand and clay content in the top- and subsoil layers in the
Laozhai catchment.

4. Summary and Conclusions

We observed a strong temporal variation of soil moisture in the farmed DHV. The study catchment
was influenced by the seasonal variation of crop cover, and temporal variation of soil moisture lagged
behind that of rainfall. RDA analysis indicated that WI was not correlated with soil moisture in this
study location, while soil clay and sand levels were the dominant control factors for soil moisture in the
DHYV. Geostatistical analysis also confirmed the outcome of the RDA triplot, with high soil moisture
content in the summit and shoulder areas of the catchment, exhibiting relatively high clay and low
sand levels, and low soil moisture content in the back-slope sites with low clay and high sand levels.
This study confirmed the dominant role of soil particle-size distribution in controlling soil moisture
regardless of soil moisture conditions in the farmed catchment in the DHV. Soil erosion in the DHV
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is severe and could lead to such increases of sand and decreases of clay levels, thus influencing soil
moisture content. Therefore, our results indicate that water conservation measures will be especially
important for back-slope sites with steep slopes. Crop variables, such as leaf area index, crop height,
crop residue cover as a type of conservation tillage, and water absorption by crop roots, which could
also affect soil moisture, are necessary in further studies.
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