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Abstract: The particle size distribution characteristics of runoff sediments are vital for understanding
the effect of the mechanism of soil erosion on slopes. The objective of this study was to investigate
the particle-size distribution of sediments eroded from slopes covered by different litter coverage
masses under artificial rainfall simulation. Litter was spread on the surface of a soil tank according
to different biomasses (0 g·m−2, 100 g·m−2, 200 g·m−2 and 400 g·m−2). The mean weight diameter
(MWD), fractal dimension (D) and enrichment ratio (ER) are characteristic parameters of sediment
particle size. The MWD and D were more sensitive to soil erosion and had a significant negative
correlation with the slope angle and rainfall intensity. The performance of the MWD on the slope (5◦)
was less than the MWD on the slope (10◦). The relationship between eroded sediment distribution
characteristic parameters and the litter coverage mass had a significant influence on the content of
coarse particles. The content of fine particles accelerated, decreased and then stabilized, whereas
coarse particles increased first and then stabilized. The litter diameter and surface area were the main
parameters that affected the MWD and D. Under different rain intensities and slopes, the ER varied
inconsistently with litter coverage mass. Coarse particles were eroded easily and selectively, and soil
erosion had no sorting effect on fine particles. These findings support the quantitative study of the
relationship between the amount of litter coverage mass and the particle size of soil sediments.

Keywords: litter hydrological effect; soil erosion processes; sediment-size distribution; sediment
deposition; rainfall simulation

1. Introduction

Soil erosion is a major environmental problem in China [1]. Rainfall is the main
natural factor of soil erosion. Erosive rainfall often occurs in summer in Hubei Province,
and the rainfall intensity can reach 120 mm·h−1. Strong soil erosion directly threatens
the sustainable development of the regional economy and ecological environment. High
levels of rainfall affect soil detachment and transport [2]. Piacentin [3] analyzed the soil
erosion status in Italy and estimated that the triggering threshold for heavy soil erosion is
100 mm–110 mm. Raindrops damage the surface soil structure, increase the turbulence of
slope runoff, and improve the erosion ability of slope runoff [4,5]. When raindrops impact
the soil surface, raindrop energy is used to overcome the bonds that hold particles in the
soil surface [6]. Artificial simulated rainfall experiments have typically been used to study
the effects of variables such as rainfall intensity, rainfall duration, rainfall kinetic energy
and raindrop diameter on soil erosion [7–9]. Most studies on the erosion process divide
it into two stages: the raindrop splash and overland flow erosion stages [10,11]. In the
raindrop splash erosion stage, given an equal depth of the flow and raindrop diameter,
the amount of splash has been found to increase and then decrease [12]. During the slope
runoff stage, raindrops have been found to change the flow pattern of the sheet flow and
enhance the sand-carrying capacity of the slope runoff [13]. In one study, after eliminating
the impact of raindrops, soil erosion on the slope in a black soil area was reduced by
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59.4–71% [14]. Studying the change process of soil erosion under rainfall conditions is thus
vital to reduce soil erosion.

Research on the process of forest soil loss must consider the impact of litter. The
litter layer is one of the three hydrologic layers in the forest ecosystem and is crucial for
controlling soil erosion [15]. Liu [16] studied the effects of the undecomposed layer and
semi-decomposed layer of Quercus variabilis litter on soil erosion, and found that they
reduced the runoff rate by 10.91–27.04% and 12.91–36.05%, respectively. The litter layer can
consume the kinetic energy of raindrops, delay the runoff generation time, decrease the
impact of the surface soil erosion ratio, reduce soil erosion and improve soil infiltration [17].
Litter types, coverage, quality, and other variables have an impact on slope soil erosion.
Wang [18] compared the slopes covered by locust, pine, caragana and switchgrass with
bare slopes and confirmed that the soil loss rate was reduced by 91%, 35%, 74% and
80%, respectively. Li [19] contrasted two typical litters on the loess plateau and found
that the flow velocity on the slope decreased with the increase of litter cover as a power
function. Shi [20]) examined the differences in erosion rates under six litter species coverage
treatments and established that the erosion rate decreased exponentially as the coverage
increased. Therefore, the functional relationship between litter mass and soil eroded
sediment particle size is the research focus herein, and understanding this relationship
will be beneficial to forest land water and soil conservation. In another study, soil particle
separation and erosion were affected by rainfall and runoff [21], and they have been
determined to have the character of sediment size separation [22,23]. The size characteristics
of sediment particle size distribution reflect the interaction mechanism between slope runoff
and soil particles, and it is important to analyze the response mechanism of sediment to
flow hydrodynamics in the soil erosion process [24–26]. Furthermore, rainfall kinetic
energy influences sediment grading [27].

In another study, given its large coarse particle mass and transport difficulty, the
sediment particle size was smaller than the original soil [28]. The particle size characteristics
of precipitants, in other studies, have mostly been determined by wet screening and a
laser particle size analyzer [29,30]. Hao [31] used a wet-sieving method to examine the
particle size characteristics of runoff sediment under natural rainfall, and confirmed that
the accumulation degree of sediment depends on the clay content of the source. Yang [32]
utilized laser particle size to measure the particle size characteristics of sediment under
splash erosion and surface erosion, and verified that the degree of separation of each
particle size of the eroded sediment increased with the extension of rainfall duration.
At present, the research on sediment particle size distribution is mostly measured by
instruments. Furthermore, the soil particle size analyzer has a high accuracy relative to
that of the traditional wet screen method.

The transport and deposition capacity of the runoff to sediment is related to the
sediment particle size, and the erosion form determines the particle size characteristics of
eroded soil [33]. The masson pine forest land in southern China has a large litter coverage
mass. This is due to the high density of the masson pine forest, the small amount of sunlight
in the forest, and the fact that the litter is slow to decompose. Litter is closely connected to
the soil layer and directly affects the process of soil erosion. At present, research on the
hydrological effects of litter mostly focuses on flow reduction and sediment reduction. Few
scholars have quantitatively studied the influence of litter on the sorting characteristics
of eroded sediment. The water holding capacity of the Masson pine litter undecomposed
layer is much larger than that of semi-decomposed and decomposed layers. Therefore, we
only considered the effect of the undecomposed layer of litter on the particle size separation
of the sediment. The objectives of the present study were to (1) analyze the characteristics of
sediment particle size distribution in runoff under the Pinus massoniana litter coverage and
(2) explore the functional relationship between the characteristic parameters of sediment
particle size distribution and litter biomass, and rainfall intensity and slope angle.
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2. Materials and Methods
2.1. Study Site and Soil Samples

Experimental materials were from the Pinus massoniana forest in the Taizi Mountain
Farm, Hubei Province, China. The test forest coordinate (30◦59′20′′ N, 114◦28′05′′ E) shows
that the viscous yellow brown soil is developed from the parent material of loess. The
U.S. Soil Taxonomy (USDA, 1999) classifies these soils as Alfisol. The test materials were
from the Taizi Mountain Farm. The test forest is located in the transition zone of north
and south China, and has an annual average temperature of 16.4 ◦C and an altitude of
403–467.4 m. The forest belongs to a subtropical monsoon humid climate area, with the
obvious karst landform. The forest coverage rate is 82.0%, and the vegetation consists
of Pinus massoniana, Cunninghamia lanceolata and various broad-leaved tree species.
Rainfall is concentrated in summer, with an average annual rainfall of 1094.6 mm. The soil
particle size composition in this experiment is clay (<0.002 mm), fine silt (0.002–0.02 mm),
coarse silt (0.02–0.05 mm), fine sand (0.05–0.25 mm), medium sand (0.25–0.5 mm), and
coarse (0.5–1 mm), and very coarse sand (1–2 mm), which account for the following
respective proportions: 32.22%, 52.09%, 9.947%, 1.627%, 1.297%, 1.733%, 1.086%.

2.2. Soil Tank Filling Test

Stratified sampling was carried out in Pinus massoniana forest land, with 40 cm of
soil for a total of four layers obtained. The soil samples were then dried and crushed with
a soil crusher and sifted through a 2 mm sieve to remove weeds and stones. The bottom of
the soil tank was laid with 0.1m fine sand. To ensure uniform water infiltration, a layer of
gauze was laid on the fine sand layer. Soil tanks (specification: length 5 m × width 2 m ×
height 0.5 m) were filled according to the bulk density and moisture content of each layer of
soil during sampling. Runoff sediment sampling started after slope runoff generation, with
the time interval of every 2 min in the first 10 min and every 10 min in the last 50 min used.

2.3. Rainfall Simulation Experiment

An artificial simulated rainfall experiment was performed using QYJY-503C simulation
system in the Jiufeng experimental base of Beijing Forestry University, during which the
collection of runoff and sediment samples was completed (Figure 1). The advantages
of a rotary down spray nozzle are as follows: (1) the spray has an initial speed when
spraying water, and this feature can ensure that the raindrops reach the end speed when
falling; (2) the raindrops produced consist of different diameters, thereby making it easy
to obtain a rainfall process similar to the natural counterpart. The spray nozzle height is
12 m, rainfall uniformity is greater than 85%, and the intensity can be controlled between
10 mm·h−1–300 mm·h−1, with a relative error under 1%. According to statistical analysis
of the perennial meteorological data and field survey data, the slopes selected were 5◦

and 10◦, rain intensities were 60 mm·h−1 and 120 mm·h−1, and the two rain intensities in
this experiment were selected based on the typical summer erosive rain intensity in this
area. Litter coverages of 0 g·m−2, 100 g·m−2, 200 g·m−2 and 400 g·m−2 were, respectively,
coded as T1 to T4, and the coverage degree was 100% (Table 1). Each treatment was
repeated thrice. The typical Masson pine forest land was selected from the Taizi Mountain
watershed, and the undecomposed litter of its natural litter was collected. The density of
litter was measured by the volume drainage method. The length, projected area, diameter
and surface area of litter were measured by WinRHIZOPro 2.0 image analysis software.
The results are shown in Table 2.
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Figure 1. Artificial simulation rainfall experiment.

Table 1. Litter characteristics of Pinus massoniana.

Litter
Species

Length/
(cm·g−1)

Projected Area/
(cm2·g−1)

Surface Area/
(cm2·g−1)

Average Diameter/
mm

Litter Density/
(g·cm−3)

Pinus massoniana 29.26 6.06 147.62 0.84 0.45

Table 2. Litter mass of Pinus massoniana for each treatment.

Treatment Number T1 T2 T3 T4

Litter mass coverage/(g·m−2) 0 100 200 400

2.4. Particle Size Analysis Experiment

First, the sample was dried, and the litter debris was removed with tweezers. Dried
sand (0.5 g) was placed into a beaker, to which 10 mL of 10% H2O2 was added (after
the removal of organic matter). The beaker was heated with an electric heating plate for
approximately two minutes until the reaction was complete, and was then left for 30 min.
Then, 10 mL of 5% NaOH (to adjust the pH) was added, and the beaker was reheated.
After the reaction was complete, the beaker was cooled. One sample was transferred
to a centrifuge tube, distilled water was added, and the supernatant was removed by
centrifugation at 2500 r·min−1. This process was repeated for three times until the sample
was neutral. Subsequently, 5 mL of 0.5 mol·L−1 (NaPO3)6 (analytically pure) was added,
and the beaker was shaken for 5 min to ensure even mixing of the sample. Then, the
particle size measurement experiment was started. The instrument used in this experiment
was the Marvin Mastersizer 3000 laser particle size meter, which employed the wet method.
Referring to the soil particle size classification scheme of USDA, the soil particle size was
divided into seven fractions in this study: clay (<0.002 mm), fine silt (0.002–0.02 mm),
coarse silt (0.02–0.05 mm), fine sand (0.05–0.25 mm), medium sand (0.25–0.5 mm), and
coarse (0.5–1 mm) and very coarse sand (1–2 mm).

2.5. Data Collection and Analysis

The mean weight diameter (MWD) is an indicator reflecting the size distribution of
silt particles [34]. The larger the MWD value, the stronger the stability of soil aggregates
and the stronger the soil erosion resistance. The MWD is calculated as

MWD =
n

∑
i=1

xiyi (1)

In Equation (1), xi is the average diameter of the sieved agglomerates (mm); yi is the
ratio of the weight of the corresponding particle size to the weight of the sample (%); wi is
the weight (g) of the aggregate with an average diameter of xi.
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The fractal dimension D is the main indicator for describing irregular objects and is a
measure of the roughness or complexity of geometric objects or the size of the occupied
space. The D of different particle sizes is calculated as

V(r < xi)

Vn
= (

xi

Rmax
)3−D (2)

In Equation (2), D is the dimensionless fractal dimension; V(r < Ri) is the cumulative
volume of particles with a particle size smaller than Ri (mm3); Vn is the sum of the volume
of each particle size of the soil (mm3); Rmax is the average diameter of the largest particle
size (mm).

ERi is an important indicator for measuring the effect of soil erosion on the sorting
of soil particles. When ERi is > 1, the particle is enriched, whereas when ERi is < 1, the
particle is poor. Furthermore, when ERi is close to 1, the particle size is close to the original
soil and soil erosion has no sorting effect on it.

ERi =
Sedi
Soili

(3)

In Equation (3), Sedi and Soili are the quality percentages of the particle size i in the
sediment and the original soil, respectively.

3. Results
3.1. Characteristics of Sediment Size Change under Litter Coverage

The particle size changes through the horizontal and vertical dimensions and under
different treatments were analyzed to explore the characteristics of sediment particle size
changes. The eroded sediment particle size composition of the erosion sediment is shown
in Figure 2. Regardless of the slope treatment, the content of fine particles (<0.05 mm) of
the erosion sediment was much higher than that of coarse particles (>0.05 mm). From a
horizontal point of view, the sediment particle size change curve was a bimodal curve, with
fine silt (0.002–0.02 mm) and fine sand (0.05–0.25 mm) at two peak points. The particle size
distribution of the eroded sediment was affected by the rain intensity and slope. As the rain
intensity and slope angle increased, the content of coarse particles (>0.05 mm) increased.
When the slope was 10◦ and the rain intensity was 120 mm·h−1, the litter coverage had a
more obvious influence on the particle size distribution of the eroded sediment.

Among many treatments, a rain intensity of 120 mm·h−1, a slope of 10◦, and no litter
coverage were chosen as the research object. The variation characteristics of the eroded
sediment particle size with the rainfall duration are shown in Figure 3. As the rainfall
duration increased, the content of clay particles and fine silt particles first accelerated,
then decreased and finally stabilized. By contrast, coarse silt, fine sand and medium sand
particles increased first and then stabilized. Coarse sand and very coarse sand did not
change significantly with rainfall duration, and their content increased slightly with the
increase in rainfall duration.
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Figure 2. Particle size composition of the erosion sediment. (a) Particle size composition of the erosion sediment under a
slope of 5◦ and rainfall intensity of 60 mm·h−1; (b) Particle size composition of the erosion sediment under a slope of 5◦ and
rainfall intensity 120 mm·h−1; (c) Particle size composition of the erosion sediment under a slope of 10◦ and rainfall intensity
60 mm·h−1; (d) Particle size composition of the erosion sediment under a slope of 10◦ and rainfall intensity 120 mm·h−1. C
is clay (<0.002 mm), F1 is fine powder (0.002–0.02 mm), F2 is coarse silt (0.02–0.05 mm), S1 is fine sand (0.05–0.25 mm), S2 is
medium sand (0.25–0.5 mm), S3 is coarse sand (0.5–1 mm), and S4 is very coarse sand (1–2 mm).
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Figure 3. Variation characteristics of the eroded sediment particle size with the rainfall duration. C
is clay (<0.002 mm), F1 is fine silt (0.002–0.02 mm), F2 is coarse silt (0.02–0.05 mm), S1 is fine sand
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3.2. Separation Characteristics of Eroded Sediment Particles under Different Litter Coverages
3.2.1. Mean Weight Diameter of Eroded Soil Particle Size under Litter Coverage

The MWD can represent the characteristics of the particle size distribution of the
sediment. When the content of large particles of eroded sediment is high, the values of the
MWD are large. Changes to the characteristic parameter MWD of the eroded sediment
particle size distribution under different test treatments is shown in Table 3. The MWD
of the eroded sediment under different slope treatments was basically smaller than the
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MWD of the original soil (Table 3). Therefore, the erosion process of the slope flow was a
particle size sorting process. This study uses this indicator to describe the characteristics
of sediment particle size distribution under different experimental treatments and further
analyses whose eroded soil particle content was the decisive factor of the MWD under this
test condition. On the whole, the MWD of the eroded sediment particles varied from 0.024
to 0.163 mm. Under different slopes and rain intensities, the MWD ranges changed when
the slope was 5◦ and 10◦ to 0.024 mm–0.086 mm and 0.045 mm–0.163 mm, respectively.
When the rain intensities were 60 mm·h−1 and 120 mm·h−1, the corresponding MWD
ranges were 0.024–0.059 mm and 0.033 mm–0.163 mm, respectively. Under the same rain
intensity and litter coverage mass values, comparing the MWD of the sediment particles
with different slopes showed that the MWD of the eroded sediment particles was 5◦ < 10◦.
Given the same slope, the MWD of the eroded sediment particles produced when the
rain intensity was 120 mm·h−1 was greater than the MWD of the sediment when the rain
intensity was 60 mm·h−1. Under the same rain intensity and slope conditions, the MWD
value decreased with an increase in litter coverage. The MWD had the largest volatility
at 10◦ and 120 mm·h−1 rain intensity, with a drop of 0.92 mm recorded. Under the same
litter coverage mass and 60 mm·h−1 rain intensity values, the MWD drop was shown in
the slope as 5◦ > 10◦. Finally, when the rain intensity was 120 mm·h−1, the MWD declined
substantially on the slope of 10◦.

Table 3. Overland runoff, erosion, and eroded sediment characteristic parameters under different treatments.

Treatment
(Slope-Coverage Mass-Rainfall

Intensity)/(◦—mm·h−1)
MWD/(mm) D Q/(mL)

5◦T1-60 0.059 ± 0.021 2.640 ± 0.017 438.933 ± 80.368
5◦T2-60 0.047 ± 0.02 2.721 ± 0.014 316.133 ± 72.796
5◦T3-60 0.025 ± 0.011 2.758 ± 0.008 264.433 ± 68.551
5◦T4-60 0.024 ± 0.012 2.759 ± 0.010 185.200 ± 14.338
10◦T1-60 0.0590 ± 0.016 2.600 ± 0.031 920.533 ± 41.815
10◦T2-60 0.058 ± 0.015 2.654 ± 0.034 674.510 ± 32.179
10◦T3-60 0.057 ± 0.014 2.695 ± 0.020 590.069 ± 26.571
10◦T4-60 0.045 ± 0.042 2.701 ± 0.024 373.999 ± 34.078
5◦T1-120 0.086 ± 0.021 2.605 ± 0.034 763.698 ± 44.152
5◦T2-120 0.067 ± 0.015 2.464 ± 0.047 462.533 ± 44.071
5◦T3-120 0.040 ± 0.016 2.741 ± 0.007 369.867 ± 95.027
5◦T4-120 0.033 ± 0.011 2.754 ± 0.016 293.667 ± 55.978

10◦T1-120 0.163 ± 0.055 2.295 ± 0.036 1791.000 ± 579.379
10◦T2-120 0.155 ± 0.016 2.055 ± 0.123 1627.357 ± 108.354
10◦T3-120 0.114 ± 0.030 2.411 ± 0.057 1428.186 ± 217.291
10◦T4-120 0.071 ± 0.014 2.561 ± 0.068 1030.629 ± 25.739

The changes to the MWD over time are shown in Figure 4. The MWD of the eroded
sediment gradually increased with the rainfall duration, and the volatility basically de-
creased with the increase in litter coverage. In Figure 4c, the MWD under the T4 treatment
peaked in the last ten minutes of the rainfall duration, and was larger than the MWD under
the other three treatments, which was different from the results presented in the other
three pictures. This is because the production of eroded sediment is related to the process
of soil infiltration. When the rain intensity is small and the slope is large, the infiltration
amount is small. Compared with other treatments, when the rain intensity was 60 mm·h−1

and the slope was 10◦, it took the longest time for the soil moisture to reach saturation,
and the presence of the litter layer increased the resistance to water migration. When
the rainfall intensity was small, the slope angle was large, and when the litter cover was
large, the amount of sediment increased due to the saturation of soil moisture in the late
rainfall period, resulting in the peak of the MWD at the end of rainfall. On the whole, at
the 10◦ slope and 60 mm·h−1 rainfall intensity, the MWD of T2 and T3 were 0.058 and



Water 2021, 13, 2190 8 of 15

0.057, respectively. The two values are very close. In Figure 4, both T2 and T3 have great
volatility, and the overall trend increases with time. T3 is only higher than T2 at a certain
period of time. The reason for this situation is that the rainfall intensity was small, and
the erosivity of the slope water fluctuated greatly. Therefore, when the rainfall intensity is
small, it is difficult to compare T2 and T3 from a certain time period.
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On the whole, at the beginning of rainfall, the MWD of the eroded sediments fluctuated
greatly, and then gradually stabilized. The Pearson correlation analysis of the MWD and
rain intensity, the slope angle and litter coverage, and the percentage of each particle size
component suggested that the MWD had a significant positive correlation with the rain
intensity and slope (p < 0.05). As the rain intensity and slope angle increased, the MWD
increased. MWD had a negative correlation with litter coverage, and the increase in litter
coverage can reduce the MWD.

MWD is determined by the size distribution of sediment particles. After multiple
linear regression analyses, the relationship between the MWD of the eroded sediment
and the percentage of each particle size component was revealed as follows. Equation (4)
indicates that the percentage of fine sand and very coarse sand had the greatest impact
on MWD. Under the condition of this test, the value of MWD depends on the content of
coarse sand.

MWD = 0.0120 − 0.000143C + 0.00000708F1 + 0.000161F2 + 0.00144S1 + 0.00348S2 + 0.00763S3 + 0.0147S4 R2 = 1.00 (4)



Water 2021, 13, 2190 9 of 15

C is the percentage of clay components; F1 and F2 are the percentages of fine silt and coarse
silt, respectively. S1, S2, S3 and S4 correspond to the percentages of fine sand, medium
sand, coarse sand, and very coarse sand, respectively.

3.2.2. The Fractal Dimension D of Eroded Soil Particle Size under Litter Coverage

D is the main indicator for describing irregular objects, measuring the roughness
or complexity of geometric objects, and describing the characteristics of soil erosion and
sediment separation on slopes. Fractal theory models are widely used in the study of
soil aggregate water stability and erosion resistance. In this study, when the slope was
5◦ and 10◦, the range of D was 2.605–2.759 and 2.055–2.701, respectively. When the rain
intensity was 60 mm·h−1 and 120 mm·h−1, the range of D was 2.600–2.759 and 2.055–2.754,
respectively. From the perspective of the same slope angle and litter coverage mass, the
variation of the D values in relation to rain intensity was 60 mm·h−1 > 120 mm·h−1, and
at 60 mm·h−1, the volatility of D was greater. D had a significant negative correlation
with rain intensity (p < 0.05). Under 60 mm·h−1 rain intensity, D increased with the
increase in litter coverage mass, but under 120mm·h−1 rain intensity, D decreased first and
then increased with the increase in litter coverage mass. A significant linear relationship
occurred between particle size and mass fractions smaller than a certain size. In this study,
the sediment particles eroded by raindrops had good dynamic characteristics, and their
changes with the rainfall duration are shown in Figure 5. Under the rain intensity of
60 mm·h−1 and the slope of 5◦, the fractal dimension D of sediment particles gradually
decreased with the extension of the rainfall duration.
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Figure 5. The change of fractal dimension D with time duration. Each error bar in the text is the
standard deviation.

The decrease was larger in the first 20 min and then gradually became flat. Equation (5)
indicates that under the condition of this test, the value of D depends on the content of
coarse silt.

D = −0.761 + 0.0406C + 0.0345F1 + 0.039F2 + 0.0277S1 + 0.0137S2 + 0.0265S3 + 0.00211S4 (5)

where C is the percentage of clay components, F1 and F2 are the percentages of fine and
coarse silt, respectively, and S1, S2, S3 and S4 are the corresponding percentages of fine
sand, medium sand, coarse sand, and very coarse sand.

3.2.3. Particle Enrichment Ratio of Eroded Sediment

The enrichment of each particle size component of the eroded sediment under various
test conditions is shown in Table 4. Fine particles were mostly less than 1, and coarse
particles were mostly greater than 1. From an overall perspective, the enrichment ratio
of the eroded sediment coarse particles for rain intensity was 120 mm·h−1 > 60 mm·h−1.
Under 120 mm·h−1 rain intensity, coarse particles readily reached a state where the enrich-
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ment ratio was greater than 1. Coarse particles were easily and selectively eroded, and
soil erosion had no sorting effect on fine particles. Under 120 mm·h−1 rain intensity, the
enrichment of the eroded sediment fine particles was greater than in the case of a slope
of 10◦.

Table 4. Enrichment ratio of eroded sediment in each size fraction under different treatment conditions.

Treatment
(Slope-Coverage

Mass-Rainfall
Intensity)/

(◦—mm·h−1)

Clay
<0.002

mm

Fine Silt
0.002–0.02 mm

Coarse Silt
0.02–0.05 mm

Fine Sand
0.05–0.25 mm

Medium Sand
0.25–0.5 mm

Coarse
0.5–1 mm

Very Coarse
Sand

1–2 mm

5◦ T1-60 0.618 0.874 1.762 6.224 2.228 1.540 0.528
5◦ T2-60 0.914 0.748 0.841 10.602 1.486 0.687 0.582
5◦ T3-60 0.953 0.875 0.907 4.444 4.303 1.312 0.623
5◦ T4-60 0.874 0.941 0.638 6.116 4.185 0.581 0.001
10◦ T1-60 0.642 1.089 0.879 3.795 3.419 2.012 0.552
10◦ T2-60 0.967 0.952 0.802 3.165 2.897 1.514 0.389
10◦ T3-60 0.830 1.167 0.765 1.092 1.292 0.549 0.206
10◦ T4-60 0.791 1.191 0.761 1.476 0.743 0.452 0.211
5◦ T1-120 0.838 0.659 1.276 9.541 1.664 2.005 1.815
5◦ T2-120 0.306 0.966 1.175 11.631 4.739 0.777 0.030
5◦ T3-120 0.896 1.107 0.673 1.627 1.141 1.064 0.864
5◦ T4-120 1.005 0.939 0.886 3.467 2.112 0.685 0.133
10◦ T1-120 0.522 0.671 1.013 11.105 8.667 4.107 3.880
10◦ T2-120 0.325 0.317 1.215 21.805 17.500 2.607 0.250
10◦ T3-120 0.645 0.506 1.687 15.368 2.121 1.456 2.844
10◦ T4-120 0.959 0.368 1.432 17.926 0.577 0.412 0.425

3.3. Quantitative Relationship between Litter Coverage Mass and Eroded Sediment Particle
Separation Characteristic Parameters

Litter coverage can significantly affect MWD and D. Further analysis showed that the
average mass of MWD, D and litter coverage had a significant linear relationship (0.4655 ≤
R2 ≤ 0.9662; Figure 6 and Table 5). Moreover, MWD decreased and D increased with the
increase in litter coverage mass. According to the above findings, the litter characteristic
parameters (Table 2) were added to characterize the influence of litter characteristics on the
sorting characteristics of the eroded sediment. The results of stepwise regression (Table 6)
show that the characteristic parameters of erosion and sediment on each slope can be
expressed as a power function relationship between the characteristic parameters of litter
and runoff. The slope of the trend line at a 10◦ slope and 60 mm·h−1 rainfall intensity in
Figure 6 is lower than other curves, but the overall trend is consistent. This is due to the
significant relationship between runoff shear force and runoff. When the runoff was small,
the change in the amount of litter cover did not have a significant effect on the runoff shear
force. Further, the greater the slope, the less the surface soil infiltration, and the greater the
shear force required for soil separation. Combining the above two factors, when the slope
was 10◦ and the rainfall intensity was 60 mm·h−1, the slope of the trend line was smaller.

Table 5. Eroded sediment separation characteristic parameters as function of litter coverage mass.

Slope
60 mm·h−1 120 mm·h−1

F(x) R2 F(x) R2

5◦ MWD= −0.00009x + 0.0544 0.7909 MWD = −0.0001x + 0.0798 0.8593
10◦ MWD = −0.00004x + 0.061 0.8669 MWD = −0.0002x + 0.1684 0.9662
5◦ D = 0.0003x + 2.6722 0.6826 D = 0.0002x + 2.6204 0.7770
10◦ D = 0.0005x + 2.546 0.4655 D = 0.0009x + 2.169 0.5449
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Table 6. Eroded sediment separation characteristic parameters as function of litter characteristics.

Functional Relation F(x) R2

D = 100.022SA0.148AD−0.272Q0.908 0.6625
MWD = 102.821SA0.097AD−0.032Q−0.876 0.8015

SA: surface area; AD: average diameter; Q: runoff.
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4. Discussion

The litter layer is an important hydrological layer that controls the conversion of water
and energy between the atmosphere and the soil under the forest canopy, and its water
conservation capacity is closely related to the accumulation of litter. Only calculating the
total amount of sediment without further clarifying the transport methods of different sizes
of sediment will not reveal the erosion process and mechanisms in depth [35]. The rainfall
erosion process is divided into two parts: raindrop splash erosion and runoff erosion.
The kinetic energy of raindrops is transformed into a splash erosion force perpendicular
to the ground surface and the runoff shear force parallel to the slope. In this study, the
content of fine particles in eroded sediment was greater than that of coarse particles, an
outcome which was consistent with the original soil condition, thereby indicating that
soil erosion is closely related to soil texture. The soil texture in the experimental area was
yellow brown loam, and the particles with a particle size of less than 0.02 mm accounted
for more than 50% of all particle sizes. Therefore, the variation range of MWD and D of the
eroded sediment in this study was 0.024–0.163 mm and 2.055–2.759 mm. After the sediment
particles underwent raindrop splash erosion and runoff erosion, the large particles were
separated into small ones. Moreover, sediment particles with a diameter under 0.25 mm
accounted for approximately 95% of the total sediment. Fine silt (0.002–0.02 mm) and
fine sand (0.05–0.25 mm) had the largest particle size variation range, and this result
was significantly correlated with the slope angle and rain intensity. This outcome may
be because fine powder (0.002–0.02 mm) and fine sand (0.05–0.25 mm) are the smallest
single particles of powder and sand, respectively. During erosion, powder and sand are
transported and handled, and the aggregates are broken to form fine powder and sand.
Clay particles mostly exist in the form of agglomerates, thereby resulting in two peaks of
fine silt and fine sand in the sediment particle size change curve.
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Affected by many factors such as rain intensity and slope and flow type, the character-
istics of eroded sediment particles in Hubei showed significant differences. An increase in
rain intensity led to an increase in the splashing erosivity perpendicular to the slope; the
coarse particles peeled off the original soil and the coarse particle content in the eroded sed-
iment increased. Litter covers the surface of the soil on the slope and can reduce the kinetic
energy of raindrops, increase the roughness of the underlying surface and block runoff ero-
sion. It was found that overland flow had a shielding effect on raindrops. Figure 1 shows
that the composition of sediment particle size changes greatly at the beginning of rainfall.
In the early stage of rainfall, the change of sediment particle size was mainly affected by the
original soil. As the rainfall duration increased, raindrop erosivity and runoff erosivity had
an impact on the eroded sediment particle content. The change in sediment particle content
was mainly affected by raindrop splash erosion [32]. As the rainfall duration increased,
overland runoff became the main driving force for soil separation. Clay particles and fine
powder particles generally exist in the form of aggregates. Their small mass causes them to
be largely separated from the soil surface during the raindrop splash erosion stage. In this
study, by the runoff erosion stage, the content of soil surface clay particles and fine powder
particles had already diminished.

When raindrops are splashed and eroded by runoff, the low-mass sediment is more
easily stripped off from the original soil and transported. Slope angle and rain intensity
are important factors affecting soil erosion. Analyzing the physical process of rainfall
erosion (and ignoring the effect of wind) revealed that the kinetic energy of raindrops is
transformed into a splash erosion force perpendicular to the ground surface and shear force
parallel to the slope. Under the same rainfall conditions, the slope shear force increases
as the slope angle increases, and large-size soil particles are easier to transport. When the
rainfall intensity was 60 mm·h−1, the erosion sediment MWD in the slope of 10◦ was larger
than that in the slope of 5◦. When the slope was the same, producing a large runoff was
easy under the action of heavy rain, which made the large-sized soil particles decompose
into small-sized ones. Under the influence of gravity, overland flow and velocity increased
with the increase in slope angle, thereby leading to an increase in the ability of runoff to
transport sediment and an increase in the content of larger sand particles in the sediment.
The amount of litter cover was directly proportional to the thickness. According to the
kinetic energy formula, the increase of the migration route of raindrops in the litter layer
will reduce the erosivity. The larger particles in the sediment are not readily transported,
and the sand content is reduced.

The MWD of the test soil particles were larger than those of the eroded sediment,
thereby proving that the erosion process of the runoff is a particle size sorting process.
D intuitively expresses the sediment separation characteristics of different slopes under
rainfall conditions. According to Formula (5), the decisive factor of the value of D is the
content of coarse silt. When D is larger, more fine particles occur among the sediment
particles. MWD is also determined by the particle size distribution of sediment particles,
so its variation with the rainfall intensity (p < 0.05), slope (p < 0.05) and litter coverage
mass corresponds to the variation in the percentage of particle size components with these
variables. In this study, the MWD of eroded sediment was mainly affected by the content of
coarse sand. With an increase in slope angle and rain intensity, the amount of erosion and
migration of coarse particles will increase when the rainfall erosivity and runoff shear force
increase simultaneously, and MWD will increase accordingly. Therefore, MWD decreased
with the increase in litter coverage mass. The change to D was opposite of that to MWD,
and the decisive factor for this feature was the fine particle content. The litter covering
the slope surface caused uneven roughness of the slope surface. When flow shear stress
fluctuates, the particle size of the sediment is poorly graded, and obvious steps arise. When
the rainfall intensity is strong, the raindrops will produce large-volume aggregates in the
erosion stage. Given the large runoff, the aggregates flow on the slope for a short time.
Unstable factors are involved in the separation process of soil aggregate particles, so the
change in D is not always obvious. In this study, according to the correlation analysis,
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the slope and D showed a significant negative correlation. Under certain rain intensity
conditions, the slope runoff decreased with a decrease in the slope angle, reduced the
water flow shear force τ and water flow powerω, increased the fluctuation of the sediment
particle size separation process, reduced the eroded sediment coarse particle content, and
increased D. The ER of the eroded sediment particles was greater than 1, thereby indicating
that the particles were enriched. As the intensity of the rain and steepness of the slopes
rises, the process of soil separation intensifies, and the capacity of water flow to transport
sediment increases the coarse particle content. The strong particle size sorting results in
the gradual coarsening of eroded soil. In the study, the enrichment ratio of the coarse
particles (particle size < 50 µm) was basically greater than 1, and the enrichment ratio of
fine particles (particle size > 50 µm) was usually below 1. Under different rain intensities
and slope angles, the ER varied inconsistently with the litter coverage mass. Generally,
however, when the rain intensity was 120 mm·h−1, the coarse grain ER was larger. This
outcome was consistent with the change in the eroded sediment content. When the rainfall
intensity was 120mm·h−1, the coarse ER of the eroded sediment was 5.678 than that of the
fine ER.

According to Figure 6 and Table 4, a linear relationship occurred between the litter
coverage mass and eroded sediment separation characteristic parameters. Under different
rain intensity and slope conditions, the M WD of the eroded sediment decreased and D
increased with the increase in litter coverage. According to Table 5, litter diameter and
surface area were the main litter characteristic parameters that affected MWD and D. Litter
is distributed on the surface, and the increase in its surface area leads to an increase in
surface coverage which, in turn, will reduce the kinetic energy of raindrops and have a
significant impact on the small particles of the sediment.

5. Conclusions

The litter layer plays a role in the distribution of eroded sediments by affecting the
impact and runoff erosion forces. The particle size distribution of eroded sediment is
the result of impact and runoff erosion forces. In this study, the sorting characteristics
of eroded sediment under different rainfall intensities, slopes and litter coverage masses
were analyzed. The results show that: (1) under the test conditions, the content of fine
particles in the eroded sediment was much greater than that of coarse particles. With an
increase in rainfall duration, the contents of fine particles first decreased and then tended
to be stable, whereas the coarse particles increased first and then stabilized. (2) Under
different litter coverage masses, the MWD of eroded sediment particles varied from 0.024 to
0.163 mm, and the D of the eroded sediment particles varied from 2.055 and 2.759. MWD is
determined by the content of coarse particles in the eroded sediment, and D is determined
by the content of fine particles. The variation in the soil particle enrichment ratio in this
study was: fine particles were basically less than 1, and coarse particles were basically
greater than 1. Coarse particles were easily and selectively eroded, and the process of soil
erosion had no obvious sorting effect on fine particles. When the rainfall intensity was
120 mm·h−1, the enrichment ratio of coarse sediment was 5.678 times than that of fine
sediment. (3) Litter diameter and surface area were the main parameters that affected
MWD and D. The litter average diameter had a positive correlation with MWD and D, and
litter surface area had a negative correlation with MWD and D. The litter layer affected
the eroded sediment particle size sorting process by affecting the splash erosion force and
runoff shear force. These results examined the process of soil particle separation and the
influence of rainfall and leaf characteristics on soil erosion control.
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