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Abstract: Soil water conditions play an important role in the formation of a collapsing gully, but we
are still at the early stages of understanding how the soil water changes on the slope after different
rainfall events due to a lack of high-frequency continuous field observations. This study aimed to
reveal the response of soil water dynamics to rainfall events for different slope aspects and positions
based on continuous multi-depth observations of soil water on a typical collapsing gully slope from
2017 to 2019 in Wuhua County, Guangdong Province, China. The vegetation characteristics and soil
properties were investigated, and the storage of soil water was also calculated. The results showed
that the dynamics and storage of soil water varied with the slope aspect, slope position and vegetation
cover. The response time of the soil water to intensive rainfall events on the sunny slope was shorter
than that on the shady slope, while soil water storage in the sunny slope was significantly lower than
in the shady slope (p < 0.01). For the different slope positions, the soil water response time to the
intensive rainfall events on the upper slope was shorter than that in the middle slope, while the soil
water storage in the middle slope was significantly higher than on the upper slope. This was mainly
due to the redistribution runoff from the upper slope to middle slope, delaying the process by which
rainwater infiltrated into the soil layers. Moreover, vegetation significantly allayed the response of
soil water dynamics to an intensive rainfall event but increased the storage of soil water, owing to
the protection of soil surface from rain and conservation of high soil clay content. The bare area in
the middle position of the sunny slope was speculated to be the potential source of the collapsing
gully because it lacked the cover of vegetation. Our findings highlight the importance of soil water
dynamics on the formation of a collapsing gully and provided valuable insights for the optimization
of soil conservation and management practices for collapsing erosion.
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1. Introduction

Collapsing gullies are a particular type of soil erosion caused by gravity and hydraulic erosion,
which are widely distributed in granite areas in southern China, known locally as “Benggang” [1,2].
Similar geomorphology landscapes have been also reported in other regions around the world, such as
lavakas in Madagascar [3], vocorocas in Brazil [4], and calanchi in Italy [5]. Collapsing gullies develop
rapidly and suddenly, causing landscape changes and soil degradation, not only affecting the sediment
production but also changing the carbon and nitrogen processes [6]. They are then considered the
most serious types of erosion worldwide [7]. In southern China alone, the soil erosion rate from
collapsing gullies was estimated to exceed 5.9 x 10* t km~2 per year [8], damaging approximately
3.8 X 10° km? of farmland and causing USD 3.2 billion in annual economic losses [9]. Understanding the
formation mechanisms of collapsing gullies and their interactions with environmental factors is critically
important for the management of these serious gully erosions. Research on collapsing gullies has
intensively increased over the last several decades [10], to the point of becoming a hotspot in surface
soil erosion science [11].

A collapsing gully is generally composed of a catchment hillslope, collapsing wall, colluvial
deposit, gully, and alluvial fan [1]. Hillslope erosion of the colluvium deposit is a fundamental
procedure when collapsing gullies form, and the erosion process and mechanism of the colluvium
deposition have been extensively researched by previous studies [2,12,13]. Due to their large slope
angle and sparse vegetation cover, colluviums generally lack soil aggregates and plant roots, which are
easily separated and generate a large amount of sediment under rainfall events [14]. However, as the
source of the collapsing gully, the catchment hillslope has received insufficient attention. We are still at
the early stages of understanding how the hillslope generates colluvial deposits and what the main
factors affecting this process are.

Water erosion has been considered the main factor for inducing the formation of a collapsing
gully [15], even though the mechanism of collapsing erosion is not yet totally clear [16]. In particular,
soil water conditions play an important role in the formation of a collapsing gully [1]. An increase of
soil water content can raise the weight of the soil in the upper layer after rainfall events, significantly
decreasing soil shear resistance [17]. Some studies have suggested that the cohesion and internal
friction angle of soil in granite reduce as soil water content increases, and that this increases soil fissure
pressure, which eventually promotes the formation of collapsing erosion [18]. In addition, subsurface
flow will generate and carry out soil particles when soil moisture becomes saturated, leading to an
increase in soil porosity [19]. Due to the importance role of soil water in erosion, recent research has
focused on the relationships between soil water and collapsing erosions. For example, Liu et al. [2]
explored the variations of soil water contents and slope runoff in collapsing colluvium under simulated
rainfall conditions. Tao et al. [16] captured the occurrence of preferential flow by monitoring the
dynamics of soil water, and found strong relationships between preferential flow, soil water variations
and collapse activation near a collapsing wall. Previous studies mainly focused on the variations of
soil water in collapsing walls [20] and colluvial deposits [13]. However, soil water in the catchment
slope has rarely been studied.

Rainfall is the main source of soil water and thus directly determines the dynamics of soil water in
the hillslope [21]. In general, the responses of soil water to rainfall events in different slope aspects and
positions vary considerably [22]. For instance, Gabarron-Galeote et al. [23] concluded that north-facing
slopes generally have more vegetation cover and a wetter soil moisture regime than south-facing
slopes, especially during the dry season. In subtropical and tropical regions, rainfall events are frequent
and heavy, which will significantly influence the variations in soil water and probably generate surface
runoff and erosion [24]. However, it remains unclear how the soil water in different slope aspects
and positions changes after different rainfall events, and how the vegetation cover affects soil water.
These questions need to be further studied based on high-frequency continuous field observations of
soil water content over long periods.
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Therefore, this study aimed to (1) examine the responses of soil water dynamics to rainfall events
in different slope aspects and positions, and (2) explore the effects of vegetation on soil water in the
slope based on a continuous multi-depth observation of the soil water in a typical collapsing gully
in southern China. We expect that the results of this work will be beneficial for understanding the
hydrological processes of collapsing gullies, and that they will provide valuable insights for the early
detection of collapsing erosion.

2. Materials and Methods

2.1. Study Area

The study area was situated at Huacheng Town (24°04’ N, 115°38’ E), north of Wuhua County,
Guangdong Province, China (Figure 1a), which has more than 2000 collapsing gullies, accounting for
8.49% of the total number in southern China. There are 500~1000 tha~! of sediment being generated
from collapsing gullies every year [1]. This area has a subtropical monsoon climate, a mean annual air
temperature of 21.3 °C and mean annual rainfall of 1507 mm. About 75.6% of the total annual rainfall
occurs from April to September along with the southeast monsoon from the Pacific.
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Figure 1. (a) The location of the study area. (b) The diagrammatic sketch of the experimental slope.
(c) The image of studied collapsing slope with the five experimental sites. (d) The landscape of the five
experimental sites.

The zonal soil of the surface layer and laterite layer on the collapsing slope are mainly clay.
The most common plant species on the shady slope are Pinus massoniana, Dicranopteris dichotoma,
Baechea frutescens and Rhodomyrtus tomentosa, while the landscape of sunny slope is nearly bare,
occasionally covered with P. massoniana, with some gullies and flat land covered with D. dichotoma.

2.2. Experimental Design and Data Collection

In order to analyze the influence of slope aspect, slope position and vegetation on soil water,
5 sites were selected as experimental sites (Figure 1b,c and Table 1). The sites were selected basing
on their slope position, vegetation cover and the relative position to the collapsing gully. The sunny
slope is at the eastern side of a collapsing gully, while the shady slope is at the back of the collapsing



Water 2020, 12, 2272 4 0f 15

gully (Figure 1c). The comparison between sunny and shady slopes could explain the slope aspect
selection of collapsing gullies” development from the aspect of soil water movement. The Su-U-B site
was located between the collapsing wall of the collapsing gully and the ridge of the slope. Here is
the upslope of the collapsing wall and the direction of the headward erosion of the collapsing gully.
There was little undergrowth vegetation at the upper position of the sunny slope. Thus, typical bare
land was selected to represent the bare area in the upper position of sunny slope. The Su-M-B and
Su-M-V sites are located at the eastern side of the collapsing gully (Figure 1c). Here would be the start
of new collapsing gullies as many eroding gullies are observed, or it would be the direction of the side
erosion of the collapsing gully. Bare land and vegetated land were selected to compare the effect of
vegetation on the soil water movement on the slope.

Table 1. The slope information, dominant species, undergrowth coverage, and soil particle size
composition (USDA) for the five experimental sites.

Particle Size Composition (%)

Slope Dominant Undergrowth

Sites Aspect Slope Position Species Coverage (%) Clay Silt Sand
(<0.002mm)  (0.002-0.05mm) (0.05-2 mm)
Su-U-B Sunny slope  Upper of slope Bare land 5+13 27.66 + 4.45 29.10 + 4.83 43.24 + 6.39
Su-M-B  Sunny slope = Middle of slope Bare land 5+21 549 +£1.12 46.86 + 7.63 47.65 + 4.39
Su-M-V  Sunnyslope Middleofslope |- TUSOMNA g5 435 38514638 33.02+577 28474344
D. dichotoma
P. massoniana,
D. dichotoma,

Sh-U-V  Shady slope  Upper of slope 80 +17.6 42.48 +10.65 14.63 + 3.82 42.89 +5.36

B. frutescens,
R. tomentosa.
P. massoniana,
D. dichotoma,
B. frutescens,
R. tomentosa.

Sh-M-V  Shady slope = Middle of slope 96 +16.2 51.64 +9.12 23.53 + 1.09 24.83 +2.17

Note: Su and Sh mean sunny slope and shady slope; U and M represent upper of slope and middle of slope; B and
V are bare land and vegetation area.

At each site, ECH,O 5TE (Decagon Devices, Pullman, DC, USA) probes were installed at 5, 15,
30, 60 and 100 cm below the ground to automatically measure the volumetric soil water content (%)
at 10 min intervals. The probes have been calibrated to make sure that there were no significant
sensor-to-sensor variations, that there were no significant differences between the results of sensors and
that they were measured by the traditional gravimetric method before they were installed to the soil
profiles. The data of soil water content were checked according to the empirical calibration equation
to attain approximately +(1-2%) accuracy. The measurements of soil water content were carried out
between 1 January 2017 and 31 December 2019 (note that the data of soil water content in some periods
were missed due to a sensor malfunction).

The rainfall data were mainly extracted from Southern Station (Figure 1a) of the Flood Situation
Release System of Guangdong Water Conservancy Department from 2017 to 2019. The missing rainfall
data from August 2017 to June 2018 were all extracted from the Xingning sites (Figure 1a) of the China
Meteorological Data Sharing Service System. A rainfall event was defined that there was at least six
hours without rainfall occurring before rainfall beginning and after rainfall stopping.

2.3. Statistical Analyses

Differences in soil water content between different soil layers in the same site were analyzed
using one-way analysis of variance (ANOVA) and Fisher’s protected least significant difference (LSD).
Paired tests of the soil water content in the common data period of the five experimental sites were
used to analyze the difference of the effect of the slope aspect, slope position, and vegetation on soil
water. All statistical analyses were conducted using version 20.0 of the SPSS software (SPSS Inc.,
Chicago, IL, USA), where p < 0.05 indicated significant. Graphic plotting was generated with Origin
Pro 2020 (Origin Lab, Northampton, MA, USA).
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Soil water storage (SWS) was calculated as follows:
SWS0-120 cm = 05 cm X 10 cm + O15 ¢ X 12.5 cm + 039 g X 22.5 cm + 09 o X 35 cm + B10p m X 40 cm (€))]

where SWSq_120 om is the soil water storage of the 0-120 cm soil layer (cm); and O5c¢m, 015 cm, 030 cms
060 cm, 0100 cm represent the soil water content at the depths of 5, 15, 30, 60 and 100 cm, respectively.
Change in soil water storage (ASWS, cm) was calculated as follows:

ASWS = SWS, — SWS; @)

where SWS; is the soil water storage before a certain rainfall event, and SWS, is the peak value of soil
water storage after rainfall event. The change in SWS was used to characterize the supply capacity of
rainfall to soil water.

The coefficient variation (CV) was calculated as follows:

CV = o/u x 100% 3)

where o is the standard deviation of the samples, and pis the average value of soil samples, which reflects
the dispersion of statistical samples. According to the CV, the variability of soil water can be classified
as weak variation (CV < 10%), medium variation (10% < CV < 100%) and strong variation (CV > 100%).

3. Results

3.1. Dynamics of Soil Water

In the study area, the frequency of 0-10 mm rainfall events was the most, with an average
frequency percentage of 65.9% during the three years (Table 2). The rainfall of 10-60 mm rainfall
events contributed approximately 64.5% of the average annual rainfall, even though the frequency of
10-60 mm rainfall events was less than half of that in 0-10 mm. Although the frequency of >60 mm
rainfall events was very low, the rainfall percentage of them could reach 22.2% of the average annual
rainfall. The continuous measurements showed that the soil water dynamics in the collapsing gully
were directly influenced by rainfall events from 2017 to 2019 (Figure 2). In general, the soil water in the
surface soil layers (e.g., at depths of 5 cm, 15 cm and 30 cm) was more sensitive to rainfall than the
deeper soils (>30 cm). The statistical analysis of soil water content (Table 3) also showed that the CVs
of soil water in surfaces soils were higher than those in deeper soils. For example, CVs at 5 cm were
higher than 14%, and as such belonged to a medium variation level.
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Table 2. Statistic of rainfall and rain frequency during the study period.

6 of 15

0-10 mm 10-30 mm 30-60 mm 60-100 mm >100 mm
Year Rainfall Rainfall Rainfall Rainfall Rainfall
Frequency mm/ Frequency mm/ Frequency mm/ Frequency mm/ Frequency mm/
Percentage % Percentage % Percentage% Percentage% Percentage%
2017 100 243.4/21.6 21 338.8/30.1 11 439.6/39.0 0 0/0 1 104.0/9.2
2018 74 157.4/10.3 34 595.9/38.9 12 475.8/31.1 2 159.2/10.4 1 142.8/9.3
2019 75 201.5/10.8 33 615.0/33.0 11 450.5/24.1 4 356/19.1 2 242.5/13.0
Average 83 200.8/13.3 29 516.6/34.3 11 455.3/30.2 2 171.7/11.4 1 163.1/10.8
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Figure 2. Rainfall and soil water content with five depths (5 cm, 15 cm, 30 cm, 60 cm and 100 cm) on
the collapsing gully slope from January 2017 to December 2019.

Table 3. Statistic values of soil water content in the five experimental sites of collapsing gully slope.

. Soil Depth Average Maximum Minimum SD cv
Sites (em) m¥m®)  (m¥md)  (m¥md)  @Ymd () "

Su-U-B 5 0.233¢c 0.325 0.181 0.034 14.6% 6670
15 0.223b 0.317 0.175 0.035 15.6% 6670

30 0.241d 0.334 0.205 0.033 13.8% 6670

60 0.192a 0.239 0.158 0.025 13.0% 6508

100 0.280e 0.298 0.234 0.020 7.0% 6670

Su-M-B 5 0.200d 0.301 0.158 0.031 15.7% 6670
15 0.20% 0.259 0.176 0.023 11.0% 6670

30 0.194c 0.223 0.171 0.015 7.8% 6670

60 0.170b 0.193 0.156 0.010 6.1% 6670

100 0.156a 0.177 0.142 0.009 6.0% 6670
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Table 3. Cont.

. Soil Depth Average Maximum Minimum SD Ccv
Sites (cm) m¥m’)  m¥md)  @Ymd)  @md) (%) "
Su-M-V 5 0.107a 0.447 0.048 0.044 41.0% 6670
15 0.180c 0.382 0.092 0.074 41.3% 6670
30 0.158b 0.378 0.075 0.056 35.5% 6670
60 0.268d 0.412 0.148 0.093 34.6% 6670
100 0.292e 0.361 0.243 0.035 12.1% 6670
Sh-U-V 5 0.201a 0.356 0.155 0.048 23.9% 6670
15 0.276¢ 0.348 0.233 0.036 13.0% 6670
30 0.281d 0.411 0.205 0.061 21.6% 6670
60 0.256b 0.438 0.148 0.043 16.8% 6598
100 0.292e 0.400 0.251 0.031 10.6% 6670
Sh-M-V 5 0.202a 0.381 0.133 0.058 28.6% 6670
15 0.228b 0.370 0.151 0.065 28.5% 6670
30 0.301c 0.343 0.291 0.006 1.9% 6670
60 0.303d 0.463 0.251 0.035 11.5% 6670
100 0.311e 0.416 0.263 0.028 9.1% 6670

Note: SD means standard deviation; CV is coefficient variation; Different letters in the same column indicate
significant differences (p < 0.05).

3.2. Responses of the Dynamics of Soil Water to Typical Rainfall Events

Five typical rainfall events were selected to analyze the responses of soil water in different slope
aspects and positions to rainfall (Figure 3). In general, the responses were more obvious with increased
rainfall. For example, there was no significant change in soil water at all soil depths of the five
experimental sites when the rainfall was 3.5 and 13.5 mm (Figure 3a-h). However, when rainfall
increased to 19 mm, the dynamics of soil water became significant (i-k). The responses of soil water
contents in different slope aspects were inconsistent. For instance, the soil water content in the sunny
slope showed an upward trend immediately after rainfall, while that in the shady slope only responded
for a period of time after rainfall events of 43.5 and 104 mm (Figure 3n,p,r,t). In addition, soil water
dynamics in the upper slope were different from those of the middle slope. The peak value of the soil
water content in the middle slope lagged behind that of the upper slope, but its peak value was higher
than that in the upper slope (Figure 30,p,s,t). We observed that the soil content water in the area with
vegetation coverage was higher, and that the change of soil water content to the rainfall response was
larger, whereas that in the area with bare land was faster and earlier. When rainfall was 19, 43.5 and
104 mm (Figure 3i,j,n,m,q,1), the response of the soil water content in the Su-M-V site to rainfall events
was more obvious than that in the Su-M-B site, and the change in soil water was more significant.

3.3. Soil Water Storage

The relative frequency of soil water storage (Figure 4) showed that more than 90% of soil water
storage in all sites ranged from 10 to 50 cm during the experimental periods. In particular, the middle
slope in the shady aspect displayed the highest soil water storage, almost all the ranging from 30 to
50 cm. By contrast, the middle slope in the sunny aspect was the lowest, mainly ranging from 15 to
30 cm. The results of statistical analysis (Table 4) showed that the average soil water storage in the
Sh-M-V site was the highest (31.94 cm), but lowest in Su-M-B (21.17 cm). Moreover, the difference in soil
water storage of the two slope aspects was significant (p < 0.05). Similarly, there were also significant
differences in soil water storage of different slope positions and vegetation conditions (p < 0.05).
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Figure 3. Response of soil water dynamics at five soil depths to five typical rainfall events with the
rainfall of 3.5 mm (a-d), 13.5 mm (e-h), 19 mm (i-1), 43.5 mm (m—p), and 104 mm (q-t) at the five
experimental sites, respectively. P is rainfall; I means rainfall intensity; D represents rainfall duration.
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Figure 4. Frequency distribution of soil water storage in the five experimental sites.

Table 4. Statistic values of slope soil water storage in the collapsing gully slope.

. Average Maximum  Minimum SD CvV
Sites (cm) (cm) (cm) cm (%) "
Su-U-B 27.73 34.48 22.03 371  16.80% 6508
Su-M-B 21.17 23.95 18.94 1.30 6.53% 6670
Su-M-V 27.91 4491 18.50 7.04  3326% 6670
Sh-U-V 31.94 47.74 24.29 6.16  2529% 6598

Sh-M-V 34.71 49.00 29.11 3.70 12.66% 6670
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The response of soil water storage to rainfall (Figure 5) showed that the correlation relationship
between the changes of soil water storage and rainfall was significant in all of the experimental sites
(p < 0.05) except the middle position of the sunny slope with vegetation. From the linear fit (4)—(8),
the gradient ratio of Equation (7) was the highest, which meant the sensitivity of soil water storage in
the upper position of the shady slope was highest. The gradient ratio of Equation (5) was the lowest,
meaning the lowest sensitivity occurred in the Su-M-B site.

ASWSg,.u.g = 0.146 + 0.039P, R? = 0.430, p < 0.05 (4)
ASWS gy = 0.148 + 0.015P, R? = 0.263, p < 0.05 (5)
ASWSs .y = 2472 + 0.079P, R? = 0.117, p > 0.05 (6)
ASWSgp.u.y = 0.872 + 0.111P, R? = 0.425, p < 0.05 7)
ASWSsp .y = 0.807 + 0.097P, R = 0.363, p < 0.05 8)

where ASWS represents change of soil water storage; p means rainfall.
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Figure 5. Change of soil water storage (ASWS) in the five experimental sites after rainfall events.

4. Discussion

The dynamic behavior of soil water to rainfall events showed that the response time in the shady
slope was delayed in comparison to that of the sunny slope (Figure 3). This was mainly because
of the dense vegetation cover along the shady slope (Table 1), which intercepted rainfall into the
canopy for evapotranspiration [25]. This partitioning process of the vegetation canopy suspended the
incorporation of rainfall into soil and reduced the static energy of the raindrops, thus mitigating surface
soil erosion [26]. It has been reported that the infiltration properties (e.g., soil hydraulic conductivity,
soil organic matter and soil aggregation) of the shady slopes are generally higher than those of the sunny
slopes, promoting more rainfall into the soil [27,28]. For example, Martinez-Murillo et al. [29] found
that the capacity of shady slopes to repel soil water is relatively lower than that of the sunny slopes,
facilitating rainwater penetration into the soil and maintaining wet soil conditions. The increases of
soil water storage in the shady slope were, thus, significantly higher than those of the sunny slope after
rainfall events (Figure 5). In addition, the solar radiation in the shady slope was relatively lower than
that of the sunny slope, which would contribute to less soil evaporation [30]. The soil water storage
in the shady slope was, therefore, higher than that of the sunny slope (Table 4), which is consistent
with most previous studies [27]. The significant higher vegetation coverage associated with greater
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clay content (Table 1) was also considered to be one of the critical factors for shady slopes to conserve
higher water content compared to sunny slopes. Gabarrén-Galeote et al. [23] showed that plant density
was three times higher in the shady slope compared to the sunny slope, and this phytomass would
contain a higher amount of water, leading to significantly more accumulation in the shady slope.

Our study found that the responses of soil water dynamics to rainfall in different slope positions
were dependent on the slope aspects (Figure 3). In the shady slope, the response time of soil water in
the middle slope to rainfall lagged compared to that in the upper slope, and vice versa for the peak
values of soil water (Figure 3). This was mainly related with the redistribution process of rainfall water
on the slope [2,31]. Runoff can be generated easily from the upper to the middle position after intensive
rainfall events, and soil water in the lower positions is then increased due to the accumulation of runoff
by the vegetation patches [32,33]. For example, Fan et al. [34] demonstrated that soil water storage in
the lower positions (e.g., valley floors and swales) was significantly higher than on the upper positions,
based on three years of continuous measurements in a forested catchment. In contrast, in the sunny
slope, our results showed that soil water in the upper position was higher than that in the middle
position (Table 4). Tao et al. [16] also found the soil water content in the upper part maintained a high
level (0.3 to 0.4 m3/m?) compared with that in the lower part (0.15 to 0.25 m3/m?). This was mainly
because soil erosion in the lower position was stronger than in the upper position [35]. The intensive
water erosion will carry off the fine particles and organic matter of the soil, leading to soils with low
organic content, porosity and infiltrating properties [36]. Our result showed that the soil clay content
in the middle slope with bare area was only 5.49%, significantly lower than that in the upper slope
position (Table 1). Rainwater then has difficulty infiltrating the soil, with less contribution to soil water
in the lower slope positions. The weight of the soil column decreases from the upper slope to the lower
slope due to the distribution of soil water, which will promote the generation of collapsing erosion [37].

Vegetation cover has been found to be a critical factor in determining the dynamics and spatial
patterns of soil water [32,38,39]. In this study, the results showed that soil water content under
vegetation cover was significantly higher than that under a bare area with the same slope aspects and
positions (Figure 4 and Table 4). This was mainly because vegetation cover could alter the source-sink of
rainwater distribution and improve soil resistance to concentrated flow erosion through the interactive
effects of the root system and soil properties [40,41]. The soil clay content under vegetation area was
significantly higher than that of bare area (Table 1). The stems and roots of plants not only increase
the roughness of the surface soil and decrease flow velocity [42], but also improve the soil infiltrating
properties to allow more rainwater into the soil [43]. For example, Zhang et al. [13] found that the
restoration of plants Melinis minutifora and Chrysopogon zizanioides could effectively decrease flow
velocities by 35.3% and 29.5%, and increase friction coefficients by 239.6% and 130.8%, respectively,
compared to control treatments in a collapsing gully in southern China. However, in bare areas,
soil hydraulic properties are relatively lower due to the impact from raindrops on the surface soil [44].
Raindrop impact can break the bonds connecting the soil particles and break down macro-aggregates,
which may seal the soil surface by compacting and clogging the pores, resulting in lower infiltration
and causing runoff and soil erosion [45,46].

The differences in the dynamics and storage of soil water between areas with vegetation cover and
bare area with wet and dry cycles in the slope have been considered critical factors influencing slope
stability [47]. They can even lead to collapsing erosion and landslides [1,37,48]. In this study, a mixed
landscape with vegetation patches and bare areas were obvious in the middle position of the sunny
slope, and the landscape was almost completely bare in the upper position (Figure 1 and Table 1).
During wet periods, vegetation generally has a mitigating effect on soil erosion since plants can protect
the soil surface from rain or runoff detachment and reduce runoff velocity and sediment transport by
intercepting raindrops, increasing soil permeability and soil surface roughness and reinforcing soil
mass stability [49]. Zhang et al. [24] also found that the plants of M. minutifora and C. zizanioides in the
same study area could effectively reduce the soil sediment yield rate on steep colluvial deposits by
98.1% and 86.6%, respectively. The differences of soil water and soil hydraulic properties (e.g., soil
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infiltration capacity, soil shear resistance and soil aggregation) between vegetation cover areas and
bare areas will accelerate the processes of soil erosion and collapse [17,50]. Therefore, attention should
be paid to the bare areas in the middle positions of the sunny slopes, which suffer intensive erosion
and would be the source for the generation of a collapsing gully. Vegetation restoration should, thus,
be considered as an effective approach to control soil erosion, in that it affects soil detachment and
resistance to water flow [41]. This is an important direction for the future work.

5. Conclusions

This study found that the dynamics and storage of soil water varied with the slope aspect, slope
position and vegetation cover. Specifically, the response time of soil water to the intensive rainfall
events on the sunny slope was shorter than on the shady slope, while the soil water storage in the
sunny slope (27.91 + 7.04 cm) was significantly lower than in the shady slope (34.71 + 3.70 cm). For the
different slope positions, the response time of soil water to intensive rainfall events on the upper
slope was shorter than on the middle slope, while the soil water storage in the middle slope was
significantly higher than in the upper slope. This was mainly because of the redistribution runoff
from the upper slope to the middle slope, slowing the process by which rainwater infiltrated the soil
layers. Moreover, vegetation significantly allayed the dynamics of soil water to intensive rainfall
events, but increased the storage of soil water, owing to the protection of soil surface from rain and
conservation of high soil clay content. The bare area in the middle position of the sunny slope was
speculated to be the potential source of the collapsing gully, as it lacked the cover of vegetation.
We expect that these findings will be helpful for understanding the mechanisms of the generation
processes of collapsing gullies, and for optimizing soil conservation and managing erosion not only in
southern China but also worldwide.
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