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Abstract: The hydrological characteristics of gravel-containing soils are different from those of gravel-
free soils, so it is worth further understanding and enriching the theory of soil and water conservation.
In this study, adjustable slope (10◦, 20◦, 30◦) test soil boxes with different surface gravel contents (0%,
25%, 50%, 75%, 100%) were prepared to study the runoff erosion characteristics of gravel-covered
land slopes under different rainfall conditions (10 mm/h, 20 mm/h, 30 mm/h). Compared with the
bare soil, the runoff start time of the three slopes covered with 100% soil surface gravel content is
delayed by 38.90, 32.83 and 73.39%, the runoff producing rate of gravel condition under different
slopes decreased by 7.20–71.52% and the total amount of sediment yield decreased by 7.94~84.57%.
Surface gravel cover can effectively reduce runoff and sediment yield, which is beneficial for better
soil and water conservation. The results of this study have a certain reference value for the theory of
soil and water conservation and can be used as a basis for guiding efficient agricultural production in
gravel-mulched land and construction (like road slope improvement).

Keywords: gravel-mulched land; gravelly soil; soil erosion; soil and water conservation

1. Introduction

Soil erosion is the natural process in which the topsoil of a field is carried away
by one or more natural or factitious erosive forces (wind, rain, runoff, gravity, farming,
etc.) [1]. In tropical, temperate and Mediterranean regions, soil erosion is increasing due to
anthropogenic impacts [2–5]. It causes siltation of rivers and lakes; contributes to floods
and other disasters; restricts sustainable development; seriously threatens soil resources,
agricultural productivity and water quality; and leads to serious ecological, economic and
social problems [6–11]. Soil erosion research in various erosion conditions and various
regions can give a theoretical basis for soil and water conservation.

Due to the significant economic and environmental consequences caused by soil
erosion, it has attracted extensive attention from scholars [12]. Many experiments on runoff
and erosion have been conducted [13–17]. The key elements influencing erosion include
topography, surface conditions, soil characteristics, soil moisture, and rainfall intensity
and duration [18–21]. Among them, the effects of surface conditions on soil erosion have
attracted a lot of attention from scholars. Kateb et al. (2013) conducted a field experiment
to investigate soil erosion and surface runoff under various plant covering and slope
conditions [22]. Prosdocimi et al. (2016) investigated the direct influence of barley straw
mulching on soil erodibility and the formation of surface runoff [23]. Zhang et al. (2015)
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investigated the effect of vegetation on runoff and soil erosion in a reclaimed land dump in
a loess location [24]. All of these studies show that surface conditions such as roughness,
vegetation and structure have an important influence on runoff generation and erosion.
The increase in roughness will increase soil infiltration and delay the production time
of runoff [25–27]. Li et al.’s research showed that with the increase in the complexity of
vegetation patterns, the proportion of large aggregates and the stability of aggregates on
the wall of most terraces showed an increasing trend, which could effectively reduce soil
erosion [28]. Mulch has been found to be effective in reducing soil loss. Some studies
have shown that straw mulch can effectively reduce slope runoff and soil erosion. The
effects of different amounts and lengths of straw mulch on surface runoff and soil loss were
different [29].

Gravel mulching (covering the soil with a layer of rock debris 15 cm thick) is a tradi-
tional technique in Northwest China. Gravel mulching was initially used to protect the
soil from erosion and to increase the quantity and quality of crops [30,31]. Scholars have
carried out various studies related to gravel-mulched fields. Zhao et al. (2018) studied the
spatial variability of gravel-mulched fields of different ages in the arid region of Northwest
China [32]. Li et al. (2003) studied the effect of gravel mulching on eolian dust accumulation
in the semi-arid region of Northwest China [33]. The impact of gravel mulch on hydro-
logical processes and soil erosion has attracted the attention of many researchers [34–36].
Previous research found that when the percentage of gravel mulch increases, runoff and
erosion decrease [37,38]. It is generally believed that gravel cover has the following effects
on soil surface runoff and soil erosion [39–43]: Firstly, gravel mulch can protect the soil
surface, reduce raindrop energy [44], and thus weaken raindrop splash erosion [39,45].
Secondly, gravel mulch changes the surface roughness [37]. Previous studies have con-
firmed that surface roughness affects soil infiltration rate [38,46] as rough surfaces have
more macro-pores and are therefore more conducive to rainfall infiltration [47–49]. In
addition, the gravel mulching of a soil surface can effectively prevent soil surface sealing
and slow down the runoff rate [50]. In summary, surface gravel cover delays runoff time
and prevents surface closure, resulting in reduced runoff production and increased soil
permeability, thereby reducing erosion. Jomaa et al. (2012a) used different gravel coverages
in laboratory flume experiments and showed that raindrop detachment is proportional
to effective rainfall and exposed soil area, other factors being equal (previous moisture
content, bulk density and surface roughness) [51]. Gravel cover also significantly affected
the time needed to reach a steady state for sand production at the soil surface; i.e., its
presence reduced the time needed to reach stable conditions [52]. However, other studies
have reported that gravel cover may lead to different soil erosion outcomes depending on
its characteristics (covering pattern, rock size, etc.) [53].

Although researchers have done a lot of work on gravel-mulched soils, previous stud-
ies had limitations, such as conducting experiments using water erosion tests [42,43], which
do not effectively replicate rainfall erosion processes under natural conditions; employing
a single rainfall intensity in experimental designs [45], failing to differentiate the impacts
of different rainfall conditions on experimental outcomes; conducting experiments under
natural field conditions [50], lacking precise control over gravel cover levels; carrying out
experiments under lower slope conditions [42], with limited research on the effectiveness
of gravel cover under steeper slope conditions; and investigating gravel contents below
50%, necessitating further research on higher gravel content coverages [54]. Thus, studies
were conducted on gravel-mulched slopes with various soil surface gravel contents under
simulated rainfall circumstances. The variations in runoff and sediment processes of five
soil surface gravel content types, three rainfall intensity types and three slope types are
investigated on this premise. The objective of this research was to evaluate the effects of
different soil surface gravel contents, slopes and rainfall intensities on runoff and sediment
yields in gravel-mulched land, as well as to identify certain theoretical ideas that may be
used to appropriately utilize a gravel-mulched field.
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2. Materials and Methods
2.1. Experimental Control Variables

Experimental control variables were set according to the actual situation of the study
area. Because there are many hills and mountains in the area and in reference to previous
studies [55], the slope of the soil trough in this experiment was set to 10◦, 20◦ and 30◦.
The study area is located in the arid region of Northwest China, where the multi-year
average rainfall is less than 200 mm. Due to the lax maintenance of the weather stations
set up in the study area, we only had limited measured rainfall data. According to the
analysis of rainfall data recorded by the automatic weather station of the study area from
2009 to 2010 and 2014, the maximum instantaneous rain intensity was 29.4 mm/h [56].
Therefore, 30 mm/h was used as the upper limit of rainfall intensity in this experiment,
and the rainfall intensity was set to 10 mm /h, 20 mm/h, 30 mm/h. Soil surface gravel
content in gravel-mulched land will decrease with increasing service life. In view of this,
the experiment set soil surface gravel content to 0% (bare soil), 25%, 50%, 75% and 100%
(pure gravel). The designed experimental conditions are shown in Table 1.

Table 1. Experimental factors.

Rainfall Intensity/mm·h−1 Slope/◦ Soil Surface Gravel Content/%

10 30

0%
25%
50%
75%

100%

20 30

0%
25%
50%
75%

100%

30

10

0%
25%
50%
75%

100%

20

0%
25%
50%
75%

100%

30

0%
25%
50%
75%

100%

2.2. Gravel and Soil

Experiment soil and gravel (naturally irregular, angular gravel) were taken from
Hongquan Village, Shapotou District, Zhongwei City, and Ningxia Hui Autonomous
Region, China (Figure 1). The average annual rainfall is less than 200 mm. Precipitation is
mainly concentrated in summer, and snowfall is rare. According to previous research [56]
and local farmers’ experience, the gravel was sieved through stainless steel sieves (with
mesh sizes 1 cm and 3 cm). The collected natural gravel was first passed through a 3 cm
mesh sieve and then passed through a 1 cm mesh sieve. After sieving, the gravel was
washed and dried for later use.
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The rainfall simulator included a steel bracket, a water pump, water supply pipes, 

valves and a round nozzle that could adjust the size of water droplets. In order to make 
the final velocity of raindrops close to natural rainfall, the sprinkler of the rainfall simu-
lator was located at a height of 4 m from the soil surface [57]. The raindrop size was 1.7–

Figure 1. The location of the experiment site in Ningxia, China.

Seven layers of soil were collected at intervals of 5 cm from the surface to a depth of
35 cm, and the soil was put through a 10 mm sieve to remove rocks. The sieved soil of each
layer was dried on a thick tarpaulin in a greenhouse [57].

The local soil is yellow-white, belonging to the subcategory of calcareous soil, and soil
particle grading is shown in Figure 2. The pH value of soil measured by the potentiometric
method ranged from 8.22 to 8.44. The range of EC values measured by a probe was
809.43–873.09 µS/cm. Both pH and EC were measured in soil layers at a depth of 10 cm.
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2.3. Experimental Device

The rainfall simulator included a steel bracket, a water pump, water supply pipes,
valves and a round nozzle that could adjust the size of water droplets. In order to make the
final velocity of raindrops close to natural rainfall, the sprinkler of the rainfall simulator was
located at a height of 4 m from the soil surface [57]. The raindrop size was 1.7–2.8 mm with a
uniformity of 90%. The rainfall simulator was calibrated before the start of each experiment,
so as to achieve the goal that the rain intensity meets the experimental requirements and
the characteristics of raindrops are close to natural rainfall. The upper 15 cm of the soil
box was the gravel-bearing layer, and the lower 35 cm was the soil layer. The soil box was
placed on an angle-adjustable steel frame, and the slope could be adjusted according to the
requirements of the experiment. The schematic diagram of the simulated rainfall device
and the soil trough is shown in Figure 3a.

The soil tank (2 m long, 1 m wide and 0.5 m high) used in this experiment was
composed of acrylic sheet and steel support, and the bottom of the soil tank had uniform
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drainage holes to facilitate the free infiltration of water. A diversion channel was set at the
outlet of the soil tank to collect the runoff and generated sand. The experimental device of
the soil trough is shown in Figure 3b.
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2.4. Experimental Procedure

The thickness of the soil in the soil tank was 35 cm. Before the experiment, processed
soil was put in the soil tank layer by layer. Then, according to the experience of local farmers
and local standards [58], 15 cm of soil with different gravel contents was spread on the top
layer. After the soil was filled, the soil tank was subjected to pre-rainfall with an intensity
of 10 mm/h for 10 min. This is because artificial filling can make the topsoil fluffier than it
would be under natural conditions. Pre-rainfall can accelerate the soil settlement through
the infiltration process after rainfall and keep the soil properties as stable as possible before
the formal experiment. After 24 h of pre-rainfall, the soil moisture content was measured
by the drying method. The experiments began when the soil moisture content was between
3 and 5%. Moreover, the soil and gravel in the experimental tank were replaced after each
experiment.

The rainfall duration was set to 1 h. The rainfall intensity of each experiment was
measured by 5 rain gauges placed within the effective rainfall range, and the error of
the hourly rainfall intensity was within ±2 mm (if the hourly rainfall intensity deviation
measured by the 5 rain gauges in a certain experiment exceeded ±2 mm, the experiment
was invalid).

Because the runoff rate fluctuated greatly in the early stage of runoff, and the fluctu-
ation in the runoff rate became smaller after 20 min from the start of runoff, in order to
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reduce the workload without affecting the experimental results, water samples were taken
with a measuring cylinder (accuracy of 1 mL) every 3 min in the first 21 min and every
10 min after 21 min. The sampling vessel was placed at the outlet for 10 s to collect the
water samples, and the volumes of the water samples were recorded. After the recording,
the water sample was allowed to settle, and the upper layer of water was extracted via a
syringe. The remaining turbid water sample was placed in an aluminum box and dried in
an oven for 12 h. The amount of sediment yield was measured by the weighing method
(the accuracy of the electronic scale is 0.01 g); the rest of the total runoff water was collected
in a bucket, and sediment was measured after the experiment.

In this study, the experiment was repeated 3 times in each condition to improve
the reliability of the data. All subsequent data used for analysis were the average of the
3 replicates.

2.5. Statistical Data Analysis

In order to evaluate the representativeness of the results obtained under different
experimental conditions, a statistical analysis was performed. In this study, the Pearson
method was used for correlation analysis, and the significance was evaluated by a double-
tail test. The statistical analysis was performed using Origin 2017 software.

3. Results
3.1. Runoff Start Time

Table 2 shows the runoff start time under different slope and soil surface gravel con-
tent conditions at 30 mm/h rainfall intensity. Compared with the bare soil, the runoff start
time of the three slopes with 100% soil surface gravel content is delayed by 38.90, 32.83
and 73.39%. Under identical soil surface gravel content conditions, the runoff at slopes of
10◦ and 20◦ occurs significantly later compared to that at a 30◦ slope, with the former two
exhibiting runoff start times 1.8 to 2.7 times longer than the latter.

Table 2. Runoff start time under different slope and soil surface gravel content conditions.

Rainfall Intensity Gradient
Runoff Start Time for Different Gravel Contents (min)

R p
0 25% 50% 75% 100%

10 mm/h 30◦ 14.58 14.95 15.52 15.77 16.87 0.97 0.0059

20 mm/h 30◦ 8.28 8.78 9.42 12.82 13.48 0.95 0.0149

30 mm/h

10◦ 15.58 15.78 16.5 17.61 20.7 0.91 0.0057

20◦ 13.58 14.7 16.4 17.55 18.87 0.99 0.0001

30◦ 5.7 6.6 7.47 9.53 9.88 0.98 0.0033

Note: R is the correlation coefficient between runoff start time and gravel content under different experimental
conditions. The p-value is the result of the two-tail test under the confidence condition of 0.05.

Table 2 also shows the runoff start time under different soil surface gravel content
and rainfall intensity for a 30◦ slope. In each soil surface gravel content condition, when
the rainfall intensity increased from 10 to 20 mm/h, the runoff start time advanced by
43.20% (bare soil), 41.25% (25% soil surface gravel content), 39.31% (50% soil surface gravel
content), 18.71% (75% soil surface gravel content) and 20.05% (100% soil surface gravel
content). When the rainfall intensity continued to increase to 30 mm/h, the runoff start
time advanced by 31.19% (bare soil), 24.86% (25% soil surface gravel content), 20.71% (50%
soil surface gravel content), 25.62% (75% soil surface gravel content) and 28.55% (100% soil
surface gravel content). Under the same soil surface gravel content and slope gradient, the
greater the rainfall intensity, the earlier the runoff appeared.

In general, the start time of runoff is negatively correlated with slope and rainfall
intensity, and positively correlated with soil surface gravel content. Soil surface gravel
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content can delay the runoff start time, and the higher the soil surface gravel content, the
greater the delay.

3.2. Runoff Discharge and Total Runoff

Figure 4 shows the runoff discharge for different soil surface gravel content conditions
under different slope conditions at 30 mm/h rainfall.
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Figure 4. Runoff discharge of different soil surface gravel contents at gradient of (a) 10◦, (b) 20◦,
(c) 30◦.

Compared with bare soil, the runoff discharge of gravelly soil under different slopes
decreased by 7.2–13.78 (25% soil surface gravel content), 20.61–30.22 (50% soil surface
gravel content), 33.33–69.09 (75% soil surface gravel content) and 38.89–71.52% (100% soil
surface gravel content). It can be seen that the difference in runoff discharge between 75%
and 100% soil surface gravel content conditions is small. That means after 75% soil surface
gravel content there is no obvious change in runoff discharge. At a 10◦ slope, 25% soil
surface gravel content reduced average runoff by 13.78%, and 100% gravel reduced average
runoff by 56%. However, at 20◦ and 30◦ slopes, the reduction effect of less soil surface
gravel content (25%) on runoff is no longer obvious, but the reduction effect of more soil
surface gravel content on runoff is still significant.

When the soil surface gravel content and slope are the same (30◦), the runoff discharge
increases with an increase in rainfall intensity (Figure 5).
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Under different rainfall intensities, soil surface gravel content has an obvious reducing
effect on runoff. In addition, the greater the rain intensity, the greater the peak runoff. With
light rain intensity, stable runoff can be reached quickly.

Under any conditions (rainfall intensity, slope, soil surface gravel content), the runoff
discharge first increases rapidly and then basically stabilizes. This phenomenon is related
to changes in soil moisture and infiltration caused by rainfall. Adding gravel to soil can
effectively reduce runoff, but the intensity of the effect is affected by slope and rainfall
intensity [59].

Figure 6a shows the total runoff under different slopes and different soil surface gravel
contents when the rainfall intensity is 30 mm/h. When the soil surface gravel content and
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slope are the same, the total amount of runoff increases with the increase in the slope. As
shown in Figure 6b, the total runoff of different soil surface gravel contents increased with
the increase in rain intensity. Compared with the rainfall intensity of 10 mm/h, the total
runoff under the rain intensity of 20 mm/h is significantly increased under the conditions
of different soil surface gravel contents. For example, the increase rate is 25.89% under the
condition of bare soil and 39.10% under the condition of pure gravel coverage. Regardless
of the soil surface gravel content, the total runoff under 30 mm/h rain intensity increased
by at least 60% compared with 10 mm/h rain intensity. As shown in Table 3, compared
with bare soil, gravel mulch conditions can effectively reduce runoff discharge, especially
when the rainfall intensity is 20 mm/h and the soil surface gravel content is 75%.
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Table 3. Flow and sediment reduction ratio of soil surface gravel contents under different rain
intensities compared with bare soil condition.

Indicators
Rainfall Intensity

(mm/h)

Gravel Content/%
R p

0 25 50 75 100

The total sediment/g

10 53.28 47.39 32.24 18.89 9.58 −0.99 0.0007

20 72.65 70.91 42.58 32.55 13.23 −0.98 0.0045

30 107.23 98.72 52.59 39.24 16.55 −0.98 0.0038

The total runoff/mm

10 9 8 7 6 6 −0.97 0.0062

20 12 10 9 9 8 −0.93 0.0182

30 15 14 13 12 11 −0.98 0.0031

Note: R is the correlation coefficient between the total sediment (the total runoff) and gravel content under
different experimental conditions. The p-value is the result of the two-tail test under the confidence condition
of 0.05.

3.3. Sediment Transport Rate and Soil Loss

Figure 7 shows the sediment transport rate curve of different slopes and soil surface
gravel contents under 30 mm/h rainfall intensity. As can be seen from the figure, soil surface
gravel content has different effects on the sediment transport rate for different slopes.
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When the slope is 10◦ and 20◦ (Figure 7a,b), the sediment transport rate curves of
different soil surface gravel content conditions intersect each other in the middle and late
stages of runoff, but the sediment transport rate curves of 75% soil surface gravel content
and 100% soil surface gravel content conditions are below those of the other three soil
surface gravel content conditions. When the slope is 30◦ (Figure 7c), the sediment transport
rate under different soil surface gravel content conditions is basically as follows: bare
soil > 25% soil surface gravel content > 50% soil surface gravel content > 75% soil surface
gravel content > 100% soil surface gravel content. Overall, the sediment transport rate of
the condition with low soil surface gravel content is mostly higher than the condition with
high soil surface gravel content, and the sediment transport rate of the condition with low
soil surface gravel content fluctuates distinctly.

Figure 8 shows the sediment transport rate under various rainfall intensities and
different gravel conditions. It can be seen that the sediment transport rate under various
rainfall intensity conditions generally shows a trend of fluctuation and reduction with
runoff duration and increases with increasing rainfall intensity.

In addition, there are obvious peaks in the treatment of bare soil and 50% soil surface
gravel content with a slope of 10◦ (Figure 7a), in the treatment of bare soil with a slope
of 20◦ (Figure 7b), and in the treatment of bare soil and 25% soil surface gravel content
with a slope of 30◦ (Figure 7c). A similar phenomenon can be seen in Figure 8. But this
phenomenon only occurs under conditions of low gravel content.
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Figure 9a shows the soil loss for each soil surface gravel content condition at different
slopes at a rainfall intensity of 30 mm/h. It can be seen from the figure that, at the gradient
of 10◦, the soil loss of 25% soil surface gravel content was the largest, followed by that
of bare soil, followed by that of 50% soil surface gravel content, followed by that of 75%
soil surface gravel content, and pure gravel coverage treatment was the smallest, 67.71%
less than that of bare soil treatment. When the soil surface gravel content is 25% and 50%,
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the soil loss is 17.17% and 37.27% lower than that of bare soil, respectively. When the soil
surface gravel content is 75% and pure gravel is covered, soil loss is 88% lower than that
of bare soil. Compared with bare soil at 30◦, soil loss of different gravel contents is 7.94%
(25% soil surface gravel content), 50.96% (50% soil surface gravel content), 63.41% (75%
soil surface gravel content) and 84.57% (pure gravel coverage) lower than bare soil. In
summary, gravel can effectively reduce soil loss and runoff, and the higher the soil surface
gravel content, the better the effect. Under the conditions of three slopes, when the slope is
20◦, the effect of gravel covering on soil loss is the most significant; 75% soil surface gravel
content can reduce soil loss by 87.93%, followed by 30◦ and 10◦.

Figure 9b and Table 3 show the soil loss of overlying gravel under different rainfall
intensities and different soil surface gravel content conditions. The figure and table show
that with the same soil surface gravel content, soil loss increases with the increase in rainfall
intensity. With the same rainfall intensity, soil loss decreased with the increase in soil
surface gravel content. When the rainfall intensity was 10 mm/h, soil loss of each soil
surface gravel content was 11.05% (25% soil surface gravel content), 39.49% (50% soil
surface gravel content), 64.55% (75% soil surface gravel content) and 82.02% (pure gravel
coverage) lower than that of bare soil condition. When the rainfall intensity was 20 mm/h,
it decreased by 2.04% (25% soil surface gravel content), 41.39% (50% soil surface gravel
content), 55.20% (75% soil surface gravel content) and 81.79% (pure gravel coverage). When
the rainfall intensity was 30 mm/h, it decreased by 7.94% (25% soil surface gravel content),
50.96% (50% soil surface gravel content), 63.41% (75% soil surface gravel content) and
84.57% (pure gravel coverage). Regardless of the rainfall intensity, 50% soil surface gravel
content condition can reduce soil loss by 40%~50%, and 100% soil surface gravel content
can reduce soil loss by more than 80%.
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4. Discussion

Runoff, as a sediment transporter, plays a significant role in soil erosion [60]. One
of the most important variables influencing runoff is early soil moisture [61]. The soil
moisture of all the experiments in this study was measured, and the soil moisture of each
experiment was controlled at 3–5%. The difference in soil moisture had little influence
on the experimental results, and its influence on runoff was not analyzed here. Runoff
mechanisms differ significantly between gravelly soil and gravel-free soil [34,39,62]. In
this study, 100% gravel content can be regarded as gravel on top of the soil and other soil
surface gravel content conditions as gravel embedded in the soil. Research by Lavee et al.
indicates that the embedded stone generates faster water flow on the ground and produces
a higher flow rate than the “top” position [63]. This is contrary to the results of this study.
This may be because natural gravel was used in this study, whereas the stones in their
study had rectangular vertical cross-sections. In the case of the “top” position, water is less
likely to penetrate near the edge of a stone with a rectangular vertical cross-section than it
is in the case of natural stones.
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4.1. Influence of Gravel Content on Runoff and Sediment

According to our findings, gravel mulching can greatly delay the runoff start time
and reduce the discharge and total runoff and erosion. This is consistent with previous
studies [49,54]. Qiu et al. studied the influence of different gravel sizes on runoff, and the
results showed that the smaller the gravel size, the better the delay effect on runoff [45].
Martinez-Zavala et al. studied the influence of different gravel coverage on runoff and
pointed out that the larger the gravel coverage area, the later the runoff was generated [50].
Gravel mulch increases the roughness of the soil’s surface [34]. Rough surfaces are thought
to enhance soil resistance to disengagement by buffering raindrop impacts, increase the
surface storage capacity of rainwater, lower runoff flow velocity, and thereby minimize
runoff erosivity [23]. According to previous studies, the Darcy–Weisbach coefficient rises as
the soil surface gravel content rises [64]. The flow of water on rough slopes, blocked by un-
even gravel, consumes energy and slows down the flow rate. These combined effects cause
a delay in runoff generation time and a reduction in runoff on gravelly soil slopes [65–68].
Increased soil surface gravel content increases soil porosity and considerably improves
infiltration capacity, resulting in lower runoff [69]. Zhu and Shao (2006) investigated the
impact of the debris content of four rock types on runoff in the loess region using a simu-
lated rainfall experiment and came to the same conclusion. It should be emphasized that
in this experiment, the gravel–soil mixture was covered on the soil surface, rather than
implanted in the soil [70]. In this way, the surface of soil slopes is more porous and loose,
and it is more conducive to infiltration [71]. However, there are some academics who argue
the reverse. Li et al. studied the influence of different gravel contents on infiltration, and
the results showed that gravel enhanced or weakened the infiltration capacity, which in
turn affected the increase or decrease in accumulated runoff and accumulated sand. The
cumulative infiltration volume of 25% gravel content is smaller than that of 0, 33.3% and
50% gravel content [42]. Luna et al. (2018) reported in their study that gravel reduces
total porosity, easily leads to surface saturation and reduces infiltration capacity. This is
most likely due to the fact that the gravel sizes they employ are too tiny (2–20 mm). A
considerable amount of fine-grained gravel will not improve porosity, but it will clog the
soil’s natural pores and reduce infiltration capability [72]. Qiu et al. (2020) found similar
results, namely that cumulative infiltration decreases as gravel size decreases [45].

Our research discovered that when the soil surface gravel content increased, the total
sediment yield and sediment discharge decreased. This is in line with the findings of Li
et al. [66] and Kang et al. [73], who observed that as soil surface gravel content increased,
soil loss on the Loess Plateau was reduced. Wang et al. (2014) found the same findings
in their investigation of purple land area [74]. On the one hand, gravel content decreases
erosion yield by increasing infiltration and reducing runoff [64]. Another benefit of gravel
is that it preserves the soil. The total sediment yield depends on the ability of raindrop
kinetic energy to damage soil aggregates. In the case of rainfall, the kinetic energy of
raindrops decomposes soil aggregates into loose particles, which accelerates the rate of
soil loss [75]. Gravel mulch may efficiently minimize raindrop splash erosion and raindrop
kinetic energy [47,48] and decrease runoff erosivity by preventing raindrop impacts on
soil [76]. However, Li et al.’s study on mountain yellow-brown soil drew different con-
clusions. Their study showed that the cumulative runoff under different gravel contents
was 25 > 0 > 33.3 > 50%, while the cumulative erosion was 25 > 33.3 > 0 > 50% [42]. In
conclusion, the influence of gravel cover on runoff varies with gravel size and soil type.

4.2. Influence of Rainfall Intensity on Runoff and Sediment

Runoff discharge and total runoff increased with the increase in rainfall intensity. High
rainfall intensity usually leads to the destruction of more aggregates in the topsoil, thus
increasing soil crust and pore blockage with the accumulation of rainfall [77,78]. Under the
condition of the same slope gradient and soil surface gravel content, the greater the rainfall
intensity, the smaller the fluctuation in the runoff rate. This is because the runoff erosion
capacity is small when the rainfall intensity is small; the flow did not have sufficient power
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to detach particles and hence was essentially transporting sediment detached by raindrop
impact [79], and it is easily affected by the soil surface micro-topography, so the runoff rate
fluctuates dramatically. In the case of heavy rainfall intensity, runoff erosion capacity is
stronger and runoff rate is higher, the influence from micro-topography is not significant.
The erosion generation rate always increases with the increase in rainfall intensity. This
can be attributed to the increased impact of raindrops and runoff on the soil; as the rainfall
intensity increases, raindrop splashes provide more fine particles that can be carried away
by runoff. With the increase in soil surface gravel content, the fluctuation in the erosion
generation rate decreases. This is because the overlying gravel changes the soil surface
structure. The greater the soil surface gravel content, the greater the hydraulic roughness.
Flow energy is consumed by surface roughness [64], leading to a smaller fluctuation in
sediment discharge.

4.3. Influence of Slope Change on Runoff and Sediment

The slope change will change the gravity component of the slope along the flow
direction and the effective rain-bearing area of the slope. As the slope increases, the gravity
component becomes larger, which may advance the start of runoff. In addition, the increase
in slope may cause the small water storage space composed of gravel to tilt, making the
micro-topography less capable of storing water and causing runoff to flow to the outlet
earlier. The effective rain-bearing area will decrease as the slope increases, which may
delay the start of runoff. In this study, under experiment conditions, the start time of runoff
with a slope of 20◦ was not obviously advanced compared to 10◦, which may be the result
of the effective rain-bearing area playing a leading role. And the start time of runoff at a
slope of 30◦ is much earlier than that of 20◦, which may be caused by an increase in the
gravity component due to the increase in the slope. When the gravel ratio and rainfall
intensity are the same, the erosion yield increases with the increase in slope. Under normal
circumstances, the increase in slope will accelerate the runoff, but the influence of other
factors should be considered comprehensively under special terrain conditions. Similar
conclusions were drawn by Chaplot et al. (2000), who studied the powdery loam in the
Paris basin [80].

4.4. Analysis of Runoff Erosion Process

Under all conditions in this research, the runoff discharge increased first and then
tended to stabilize or continue to rise. This is because, at the early stage of runoff, the soil
water content has not reached saturation, the soil infiltration capacity is still strong, and
there is more rainwater infiltration rather than runoff [81,82]. As the rainfall continues, the
soil water gradually becomes saturated, the permeability weakens, and more rainwater
forms runoff [83,84], so the runoff discharge increases. The sediment discharge gradually
decreases with the duration and finally stabilizes. This is because there are some loose
particles on the surface of the soil due to the disturbance during the loading process and
the effect of rain splashing. These loose soil particles are quickly washed away by runoff at
the beginning of runoff. Then, the separation and transportation of soil particles are carried
out simultaneously, resulting in a lower sediment discharge in the later period [85,86].

In this experiment, the runoff and sediment discharge rate curve will have peaks and
fluctuations. The authors believe that this may be due to the combined effect of micro-
topography and runoff erosion. The gravel scattered on the surface of the soil may have a
trapping effect on runoff, resulting in a small flow and erosion in a certain period. As more
and more water is trapped, the potential energy of this part of the water gradually increases.
When the runoff has accumulated enough energy to break through the small terrain that
intercepts it, a large amount of erosion and runoff pours down. This phenomenon occurs
repeatedly under the effect of runoff erosion, causing the runoff and sediment discharge
to fluctuate. Compared with other soil surface gravel content conditions, the sediment
discharge of bare soil or soil with a small soil surface gravel content at different stages is
not only large but also fluctuates greatly, which indicates that the sediment yield of bare
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soil has a certain randomness. Because the soil is completely unprotected, the randomness
of water flow when cutting the soil results in the randomness of sediment yield.

At present, gravel-mulched land is widely used in the study area. However, most of
the previous studies focused on water-saving irrigation [87]. This study proved through lab-
oratory experiments that gravel-mulched land has a good inhibitory effect on soil erosion.
The research results can provide a reference for local soil erosion control and vegetation
restoration and have a wide range of adaptability. For example, a combination of gravel
mulch and jujube planting can be used to reforest the cultivated land. It is an ecological
restoration measure worth promoting under local natural conditions. However, the po-
tential environmental or ecological side effects of gravel mulch may require further study
and discussion. For example, long-term gravel cover may lead to changes in soil chemical
elements, which will have some positive or negative impacts on local soil, groundwater
quality, and vegetation communities.

5. Conclusions

The central arid zone of Ningxia is windy all year round, with frequent heavy rainfall
in the summer and serious soil erosion. In combination with the actual local weather
and geographical conditions, this experiment set up three slopes (10◦, 20◦, 30◦), five soil
surface gravel content (0%, 25%, 50%, 75%, 100%) and three rainfall intensities (10 mm/h,
20 mm/h, 30 mm/h) as experimental variables to record and analyze the runoff and erosion
deposition characteristics of gravel-mulched land.

The results suggested that gravel mulch has a good reduction effect on runoff and
sediment. With the same slope and rainfall intensity, both the discharge and the total
sediment yield decreased with the increase in soil surface gravel content. The start time
of runoff is advanced with the increase in slope and rainfall intensity and delayed with
the increase in soil surface gravel content. With the same rainfall intensity and soil surface
gravel content, the discharge and the total sediment yield increased with the increase in
slope; at the same slope gradient and soil surface gravel content, the discharge and total
sediment yield increased with the increase in rainfall intensity. In general, gravel mulch
has a strong reduction effect on runoff and sediment yield, and attention should be paid to
its application potential in soil and water conservation. In future studies, studies on the
long-term sustainability of gravel mulching and comparisons with other soil and water
conservation measures should be carried out.

Author Contributions: Methodology, S.W.; Formal analysis, S.W.; Writing—original draft, S.W.;
Writing—review & editing, P.L., W.L., J.L. and M.Z.; Supervision, P.L. and W.L. All authors have read
and agreed to the published version of the manuscript.

Funding: Shaanxi Provincial Department of Education “Urban and Rural Spatial Hydrological
Ecological Simulation and Management in Arid Area” Youth University Innovation Team, China
Scholar-ship Council (Grant No.: Liujinmei [2022] No. 45; Liujinxuan [2022] No. 133; Liujinou
[2023] No. 22), International Education Research Program of Chang’an University (300108221102),
2022 Guangdong University Youth Innovation Talent Program (2022KQNCX143) and Yinshanbeilu
Grassland Eco-hydrology National Observation and Research Station, China Institute of Water
Resources and Hydropower Research, Beijing 100038, China, Grant NO.YSS2022004.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Poesen, J.; Ingelmo-Sanchez, F.; Mucher, H. The hydrological response of soil surfaces to rainfall as affected by cover and position

of rock fragments in the top layer. Earth Surf. Process. Landf. 2010, 15, 653–671. [CrossRef]
2. Sinoga, J.D.R.; Murillo, J.F.M. Effects of soil surface components on soil hydrological behaviour in a dry Mediterranean environ-

ment (Southern Spain). Geomorphology 2009, 108, 234–245. [CrossRef]

https://doi.org/10.1002/esp.3290150707
https://doi.org/10.1016/j.geomorph.2009.01.012


Land 2024, 13, 445 14 of 17

3. Dotterweich, M.; Stankoviansky, M.; Minár, J.; Koco, Š.; Papčo, P. Human induced soil erosion and gully system development in
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