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Abstract
In order to explore the impact of ecological planting pattern on runoff sediment transport rate(T2), this
study in two planting modes with a single planting of Prunella vulgaris (A) and P. vulgaris and
earthworms (B) were investigated through simulated rainfall experiments in the field. The results showed
that: 1) T2 decreased first and then stabilized with the rainfall duration,which is dominated by the
composition of soil particle size and runoff depth;2) T2 under gentle slope and steep slope conditions is
greatly affected by rainfall intensity and slope, respectively; 3) T2 ,which has a good correlation with
runoff separation rate (D2), needs to be explained in conjunction with soil properties or raindrop kinetic
energy. The main controlling factors of T2 in bare slope, B, A are raindrop kinetic energy, D2, and organic
matter, which explain 93.10%, 95.76%, and 98.65%.Compared with B, A has obvious economic and
ecological value.

1 Introduction
Erosion process research is the key to preventing and controlling soil erosion. Runoff dominates erosion,
runoff sediment transport rate directly reflects the intensity of erosion (Wang et al. 2015;Wang et al.
2016;Bing et al. 2019;Wang et al. 2021).However, it should be noted that the splashing of raindrops under
rainfall conditions complicates the law of soil separation and transportation and makes related research
difficult.

Various studies suggest that the runoff sediment transport rate can increase with an increase in slope
discharge, flow discharge, or rain intensity (Zhang et al. 2008; Xiao 2017; Lei et al. 2006; Qingwei et al.
2018). These can be described by linear or power functions; the power function of the slope and flow
discharge is applied in the ANSWERS model (Beasley et al. 1980). Because erosion during rainfall is
limited by soil transport or separation, the response of runoff sediment transport to hydraulic parameters
must be described in sections. While the sediment transport capacity in the limited soil transport stage
can be described by the power function of the above hydraulic parameters, it is better described by the
power function of the simulation effect of stream power combined with rainfall energy (Qingwei et al.
2018).Stream power, raindrop kinetic energy, and runoff sediment transport rate under open slope
conditions have a significant negative correlation with runoff detachment rate, with contribution rates of
65.69%, 18.41%, and 6.5%, respectively (Bing et al.2018). Further, the runoff sediment transport rate has a
significant negative correlation with the raindrop detachment rate, hydrodynamic parameters, silt content,
and biological characteristics (Wang et al. 2014).However, numerous disputes still remain over various
aspects, such degree of influence of slope, flow discharge, rain intensity on runoff sediment transport
rate, which may be caused by differences in experimental design.

In China, Prunella vulgaris is an important medicinal herb used in the National Medical Industry
Information Standard Promotion Project. It has a wide range of cultivation, simple and easy planting
techniques, a short life cycle, as well as considerable economic benefits (Lejoly et al., 2021). Under the
requirements of high-quality agricultural development, two methods are used to cultivate traditional
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Chinese medicine plants. The traditional, single planting of P. vulgaris, and the ecological planting
method, where planting is combined with introduction of earthworms. This study set three simulated
farmland treatments: no crops, single planting of P. vulgaris, and P. vulgaris combined with
earthworms.First,determining of the variation characteristics of runoff sediment transport rates during
rainfall in two planting models; secondly, analysis of the response of mean runoff sediment transport rate
to rainfall intensity and slope in two planting models; finally, comparing the variation mechanisms of
runoff sediment transport rate in two planting models.

2. Test Materials And Research Methods

2.1 Test location and materials
Field tests and soil sample determination were conducted in the Guangdong Wuhua Soil and Water
Conservation Science and Technology Demonstration Park, and the Guangdong Provincial Environmental
Science and Technology Public Laboratory. The equipment used included portable rainfall equipment, a
laser rain spectrometer, and a digital video camera. The materials included P. vulgaris L (plant spacing of
15 cm × row spacing of 20 cm) and Eisenia foetida (5 g/piece, 400 g/m2). The soil in South China is
latosolic red soil and the soil properties of the sample plot are listed in Table 1.

Table 1
Soil physical and chemical properties of sample plots

Test items pH OM SD CD WS BD MC

unit of measure Dimensionless g/kg g/cm3 ds/m g/kg g/cm3 mg/kg

- 5.84 7.80 2.60 0.13 0.9 1.12 66.8

Note: The significance level of the equation in the table is 0.05. BD is soil bulk density, PH is soil pH,
OM is organic matter, SD is soil density, CD is electrical conductivity, WS is water-soluble salt content,
and MC is microbial carbon.

2.2 Sample plot layout and test sites
To design the field test plan, the slope length of the sample plot was set to 120 cm, and a four-directional
splash collector (5 cm × 5 cm × 20 cm) was designed to collect sputter erosion in four directions,which
was arranged along the contour line (Fig. 1).The length and width of the simulated rainfall test plot were
1.2 and 1.0 m, respectively.The plots were ploughed and transplanted with P. vulgaris and earthworms.
The test treatments are listed in Table 2.



Page 4/15

Table 2
Field simulation rainfall test design and times

Treatment O B A

Level Conduct 18 fields with earthworm treatment and
bare plots at a slope of 10° at 0.7, 1.2, 1.6, 2.2,
2.7mm/min or at a slope of 2°, 5°, 15°, 20° at a
rain intensity of 1.6mm/min;

According to the rain intensity of
1.6, 2.2 and 2.7mm/min at a slope
of 10° or 1.6mm/min rain at a
slope of 15° and 20°

Repetition 1 1

total 44

Note: O is Bare slope; B is Prunella vulgaris combined with earthworm planting slope;A is Single
planting prunella vulgaris slope

2.3 Test process and observation content
Before the test, the bulk density, soil particle density, organic matter, microbial carbon, electrical
conductivity, total water-soluble salt, mechanical composition, pH, and other indicators were determined
according to conventional methods. Two months after planting P. vulgaris, simulated rainfall was carried
out in the field. Before the simulation, the rain intensity was adjusted according to the test plan, and a
sample was collected every 3 min, until the end of the simulation. simulated rainfall test was run for 40
min.The sputter erosion and flow production in four directions were collected in a graduated cylinder to
measure the volume, and then sampled. Following this, the volume of the muddy water was measured
with a graduated cylinder, and then clarify, skim off the water, dry, and weigh heavy. Before sampling, the
flow velocity in the velocity measurement area (2 cm at the lower end of the erosion monitoring area and
2 cm at the edge of the velocity measurement area) was measured using the dye method. The distance
was set at 50 cm. During the test, a thermometer was used to measure the temperature of the muddy
water, and the laser rain spectrometer was used to measure the size of the raindrops and the end speed
of the raindrops.

2.4 Index calculation
The soil migration index was calculated according to the principles of sediment transport, erosion
balance, soil detachment, and sediment transport balance. The raindrop detachment capability (rate) is
calculated as the total amount of splash erosion of raindrops in four directions (up, down, left, and right)
per unit time within the projected splash collection area (Eq. 1); raindrop sediment transport capability
(rate) is the difference between splashes in two directions up and down per unit time within the projected
eclipse collection area of the upper and lower sides (Eq. 2). The runoff sediment transport rate (runoff
sediment transport capacity) is equal to the ratio of the difference between the erosion rate and the
raindrop sediment transport capacity (rate) (Eq. 3);The runoff detachment rate is the difference between
the erosion rate and the raindrop detachment capacity (Eq. 4); Specified equations are below:

D1=(S1 + S2 + S3+S4)/ AS×t (1)
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T1=(S2-S1)/Ao×t (2)

T2 = SE-SCo (3)

D2 = SE-SC (4)

where D1, T1, SE, T2, and D2 are the raindrop detachment capacity (rate), raindrop sediment transport
capacity (rate), erosion rate, runoff sediment transport rate, and runoff detachment rate, respectively, in kg
m− 2 s− 1. S1, S2, S3, and S4 are the amounts of splash erosion in the upper, lower, left, and right directions,
respectively, in kg. AS is the projected area of the splash collection area and Ao, is the projected area of the

splash collection area in the upper and lower directions, both are expressed with the unit is m2. Lastly, t is
the rainfall time (s).

2.5 Data processing
SPSS19.0 and EXCEL2003 software were used for data analysis and chart making.Following this, the
optimal multivariate equation was established with multiple factors. We then obtained the multivariate
regression square, and calculated the contribution rate of the factors to the detachment or sediment
transport of raindrops and runoff using the equation:

5
,

where Oi is the contribution rate of the ith factor, R2 is the complex regression square,  , where
is the regression coefficient of the ith factor, σi is the mean square error of the ith factor, and σy is the
mean square error of the dependent variable.

3. Results

3.1 Variation characteristics of runoff sediment transport
rates on slopes with different treatments during rainfall
The runoff sediment transport rate of the three treatment slopes under different rain intensities or slopes
decrease then become stable with increasing duration of rainfall. The fluctuations are very large between
0–6 min. The runoff sediment transport rate of the bare slope, slope with P. vulgaris, and slope with P.
vulgaris and earthworms became stable at 37 min with the stability values of 5×10− 5~6× 10− 5 kg
/(m2·s), 1×10− 5~5× 10− 5 kg /(m2·s), and 0.5×10− 5 ~5× 10− 5 kg /(m2·s), as shown in Figs. 2–4. The

Oi = ×β2
i × 100\%

R
2

∑n
i=1 β2

i
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results suggest that planting crops can reduce the fluctuation and intensity of runoff sediment transport
rate but does not change the trend. Moreover, the time period 30 min before rainfall is the key to
preventing and controlling runoff sediment transport rate.

The runoff sediment transport rate of the three treatment slopes between different rain intensities or
slopes were consistent during the rainfall process. The difference in runoff sediment transport rate
among the three treatment slopes decreased with rainfall time, while the difference between rain intensity
was greater than the difference between slope gradients. When compared with bare slope, the reduction
rate of the runoff sediment transport rate on the two planted slopes during the rainfall process became
smaller. Among them, the effect of the slope planted with P. vulgaris and earthworms was the most
obvious.

3.2 Variation characteristics of runoff sediment transport
rate for different planting methods across a single rainfall
With an increase in rain intensity or slope gradient over single rainfall period, the mean runoff sediment
transport rate of all three slopes increased slowly (Fig. 5). This can be described by a binary function
equation with a correlation coefficient of greater than 0.6 (Table 3). Although the slope of 2°–20° and rain
intensity of 0.7–2.6 mm/min did not increase rapidly throughout the process, gentle slopes (2° or 5°) and
steep slopes (15° or 20°), light rain (0.7 or 1.2 mm/min) and heavy rain (2.2 or 2.6 mm/min) are
significantly different(Table 4). Results showed that rain intensity dominates the runoff sediment
transport rate on different slopes, but the impact of slope gradient under steep slopes or heavy rain
conditions will increase significantly over the impact of rain intensity.The results of this experiment agree
with previous studies ( Bing et al. 2019).

Table 3
The relationship between the runoff sediment transport rate and the slope or

rain intensity

  Equation

O T2 = 9.54×10− 6+1.79×10− 6S + 2.83×10− 5I, R2 = 0.9473,Sig < 0.05

B T2=-2.3×10− 5+2.44×10− 6S + 2.93×10− 5I, R2 = 0.9804,Sig < 0.05

A T2=-9.8×10− 5+5.06×10− 5 ln(S) + 6.39×10− 5 ln(I), R2 = 0.9942,Sig < 0.05
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Table 4
Compared with runoff sediment transport rates between three treatment slopes

Index

kg/(m2 s)

S(o)

/I(mm/min)

Three treatment

O B A

T2(10− 5) 10 0.6 4.37a 1.99a  

1.2 5.61ab 3.50b  

1.6 7.81b 4.60b 4.74a

2.2 8.80b 6.07c 7.01ab

2.6 9.67b 7.81d 7.82b

1.6 2 6.40a 3.11a  

5 6.33a 3.87ab  

10 7.81ab 4.60b 4.74a

15 8.16ab 5.93c 6.91b

20 9.48b 7.64d 8.30b

Note: D1, T1, D2, T2 are raindrop detachment rate, raindrop sediment transport rate, runoff detachment
rate, runoff sediment transport rate, respectively, S is Slope (o),I is Rainfall intensity(mm/min); a, b, c,
d are the difference comparison of LSD, and the significance level is 0.05.

3.3 Optimizing the sediment transport rate equation
It can be seen from Table 5 and Table 6, under naked soil conditions, Soil bulk density, organic matter,
stream power, raindrop kinetic energy, runoff separation rate and runoff sediment transport rate have high
correlation coefficient, and their relationship can be described in multi-power equation, which can be
explained to 2.76%, 4.09%, 0.04%, 93.10% ,0.01%,total 99.99%, of which the effect of raindrop kinetic
energy is the largest; Under the planting mode of Prunella vulgaris combined with earthworms, microbial
carbon, > 2 soil particle content, stream power, raindrop kinetic energy, runoff separation rate and runoff
sediment transport rate have high correlation coefficients, which can be described by multivariate linear
equations, with a total explanation of 99.99%, of which the runoff separation rate is the main controlling
factor, and the explained 95.76%; Under the single planting mode of Prunella vulgaris,the correlation
coefficient of organic matter, shear stress, raindrop separation rate and runoff sediment transport rate is
relatively high, which can be described by a ternary logarithmic equation, explaining a total of 99.99%, of
which organic matter is the main controlling factor, explaining 98.65%.
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Table 5
Correlation analysis of runoff sediment transport rates of three treatment slopes

Treatment O B A

BD -0.46 -0.61 -0.51

pH 0.38 -0.22 0.25

OM -0.47 -0.57 -0.54

SD 0.24 0.61 -0.02

CD 0.29 0.28 0.38

WS 0.32 -0.04 0.47

MC -0.45 -0.59 -0.50

P1 0.46 0.62 0.52

P2 -0.21 -0.50 0.33

τ -0.43 0.01 -0.87

ω 0.72 0.85 0.63

U 0.70 0.72 0.63

E 0.66 -0.22 0.69

RD -0.14 -0.54 -0.11

RE 0.53 0.76 0.37

D1 0.73 0.79 0.74

T1 0.89 0.81 0.50

D2 0.89 1.00 1.00

Note: The significance level of the equation in the table is 0.05. BD is soil bulk density, PH is soil pH,
OM is organic matter, SD is soil particle density, CD is electrical conductivity, WS is water-soluble salt
content, MC is microbial carbon, P1 is > 2 soil particle content, P2 is < 0.002 soil Particle content, τ is
shear stress, ω is stream power, U is unit stream power, E is unit energy, RD is raindrop diameter, RE is
raindrop kinetic energy, D1 is raindrop separation rate, T1 is raindrop sediment transport rate, D2 Is
runoff separation rate, T2 is runoff sediment transport rate.
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Table 6
The contribution rate of the main influencing factors to the runoff sediment transport rate of the three

treatments
Treatment Equation Contribute(%)

O T2 = 0.94×BD− 0.24×OM0.004 × ω−0.01 × 
RE0.002×D2

1.01

BD:2.76%,OM:4.09%,ω:0.04%,
RE:93.10%, D2:0.01%

B T2 = 2.76×10− 6-2.1×10− 9MC-6.8×10− 8P1-1.1×10− 

6ω-1.6×10− 9 RE + 1.02D2

MC:0.44%, P1:1.00%, ω:0.50%,

RE:1.16%, D2:97.35%

A T2 = 1.27×10− 6-2.4×10− 8OM-4.9×10− 7τ + 0.99D2, OM: 98.65%,τ: 1.34%, D1:0.01%

4. Discussion
4.1 Soil particle size composition and runoff depth determine the change trend of runoff sediment
transport rate

The red soil of South China evolved from sedimentary rock; hence, it has coarser grains and less clay. In
the early stages of rainfall, the raindrops splashing on the slope and the soil roughness were large(Feng
et al. 2019); additionally, the fluctuations in the early stage of runoff sediment transport rate were
particularly large. As rainfall progresses, increasing amounts of sand and gravel make that runoff require
more energy to transport sediments. The runoff sediment transport rate gradually stabilised within a
certain range. This meant that, before stabilising, the runoff sediment transport rate fluctuated and
decreased,then stabilised with the increase in rainfall duration. In other words, the change trend of runoff
sediment transport rate on the slope surface during the rainfall process of the three treatments was
determined by the composition of soil particle size and runoff depth.This is why it is different from the
variation characteristics of runoff sediment transport rate on loess slopes(Su et al. 2014;Wang et
al.,2014,2015; Bing et al. 2019)

4.2 Rainfall intensity has a significant import on runoff
sediment transport rate
The greater the rain intensity, the greater the splashing kinetic energy of the raindrops, and the greater the
runoff formed on the surface. It also leads to greater runoff sediment transport rate. Although the slope
gradient cannot provide erosion energy, the larger the slope, the smaller the erosion energy in a specific
area, and the greater the erosion energy conversion rate.On the other hand, the planting pattern cannot
change the erosion energy, but only increased the soil erodibility(Lei et al., 2006;Zhang et al. 2020).
Therefore, under these combined influences, although the effect of rain intensity is more than 10 times
that of slope gradient, but sometimes the effect of slope is greater than that of rain intensity..
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4.3 The planting mode of P. vulgaris and earthworms
significantly reduces runoff sediment transport rate
Under the condition of bare soil, runoff and sediment transport are directly affected by raindrops, but the
single planting of P. vulgaris shields the rainfall, which did not significantly improve the soil properties in
the short term, and the main indicators affecting soil migration did not change. This suggests that
farmlands cannot be improved under the current planting mode. Instead, using the ecological method of
planting P. vulgaris and introducing earthworms to the soil can significantly improve soil properties in a
short period of time, causing the main indicators affecting runoff sediment transport rate to change, and
in turn, improving agricultural land(Borken et al. 2000;Xiao et al. 2017; Dongdong et al. 2018; Bing et al.
2019;Wang et al. 2020; Ma et al. 2021). Therefore, the runoff sediment transport rate in the rainfall
process or single rainfall follow the pattern: exposed slope surface > single planting P. vulgaris slope
surface > P. vulgaris and earthworms slope surface. In conclusion, the main controlling factors of runoff
sediment transport rate in bare soil, Prunella vulgaris combined with earthworm, single planting Prunella
vulgaris planting modes are raindrop kinetic energy, runoff separation rate, and organic matter, which
explain 93.10%, 95.76%, and 98.65%.

5. Conclusion
(1). As rainfall progresses, When the amount of easy-to-migrate soil decreases gradually to steady, the
runoff sediment transport rate also decreased gradually to a steady state.These results suggest that the
clay content and runoff depth determine the overall change trend of runoff sediment transport rate.

(2). The study showed a slow increase in the runoff sediment transport rate with an increase in rain
intensity or slope,which can be described by a binary function. Rain provides erosion kinetic energy, but
the effect of steep slopes on runoff sediment transport rate is greater than rainfall intensity.Compared
with single planting of Prunella vulgaris, Prunella vulgaris combined with earthworm planting mode has
obvious economic and ecological value.
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Figure 1

Splash collector

Figure 2

Variation in mean runoff sediment transport rates of exposed slopes over a period of rain
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Figure 3

Variation of mean runoff sediment transport rates of slopes with Prunella vulgaris over a period of rain

Figure 4

Variation of mean runoff sediment transport rates on slope surface with Prunella vulgaris combined with
earthworms over a period of rain
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Figure 5

Changes of mean runoff sediment transport rates of three treatment slopes with rain intensity or slope
gradient


