
P
os

te
d

on
A

ut
ho

re
a

23
Ja

n
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

13
99

41
.1

40
11

95
3/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

Rill morphological change characteristics and influencing factors
on different soil types in the Loess Plateau, China

zimiao he1, xinxiao yu1, Qiang Cai2, Jijun He3, shilong hao4, haiyan fang5, guodong jia1,
and Liying Sun6

1Beijing Forestry University
2Chinese Academy of Science
3Capital Normal University
4Yellow River Institute of Hydraulic Research
5Chinese Academy of Sciences, Beijing
6Institute of Geographical Sciences and Natural Resources Research, CAS

January 23, 2021

Abstract

Soil properties play an important role in rill development and erosion. In this investigation, rill morphology developmental
processes under sandy loam (SL), light loam (LL), medium loam (ML) and heavy loam (HL) soils on the Loess Plateau, China,
were compared using laboratory experiments. Experimental analysis included two rainfall intensities (90 and 120 mm/h) and
four slope treatments (0°, 15°, 20° and 25%). Results indicate that HL is the most prone to rill development, and SL, LL and ML
are prone to rill development under heavy rain, with SL rill erosion being the most sensitive to heavy rain. The development of
rills in SL are mainly characterized by an increase in rill width and merging nodes; rills in HL were mainly characterized by an
increase in rill length, merging nodes and rill number. LL and ML rill development indices were between SL and HL. Differences
in runoff collection caused by rill morphology differences further promoted differences in soil erosion. Rainfall intensity has a
positive effect on rill shape parameters of all soils; slope has a positive and negative double effect on SL, LL and ML rill shape
parameters, and only a positive effect on HL rill shape parameters. The sensitivity of rill parameters to rainfall intensity and
slope angle depends on soil infiltration performance, surface soil stability and soil structure stability. Based on soil characteristic
factors and rill morphological parameters, an empirical model of slope erosion in the loess region was established.
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Abstract :

Soil properties play an important role in rill development and erosion. In this investigation, rill morphology
developmental processes under sandy loam (SL), light loam (LL), medium loam (ML) and heavy loam
(HL) soils on the Loess Plateau, China, were compared using laboratory experiments. Experimental analysis
included two rainfall intensities (90 and 120 mm/h) and four slope treatments (0°, 15°, 20° and 25%). Results
indicate that HL is the most prone to rill development, and SL, LL and ML are prone to rill development
under heavy rain, with SL rill erosion being the most sensitive to heavy rain. The development of rills in SL
are mainly characterized by an increase in rill width and merging nodes; rills in HL were mainly characterized
by an increase in rill length, merging nodes and rill number. LL and ML rill development indices were between
SL and HL. Differences in runoff collection caused by rill morphology differences further promoted differences
in soil erosion. Rainfall intensity has a positive effect on rill shape parameters of all soils; slope has a positive
and negative double effect on SL, LL and ML rill shape parameters, and only a positive effect on HL rill
shape parameters. The sensitivity of rill parameters to rainfall intensity and slope angle depends on soil
infiltration performance, surface soil stability and soil structure stability. Based on soil characteristic factors
and rill morphological parameters, an empirical model of slope erosion in the loess region was established.

Keywords: soil types; rill morphological; rainfall intensity; soil loss; the Loess Plateau

Introduction

Rill erosion is an important process of slope hydraulic erosion, being the main component of slope hydraulic
erosion prediction models (Foster et al., 1995; Shen et al., 2015; Assouline et al., 2017; Zhang et al., 2019).
Rill erosion not only accelerates slope erosion and the transport of erosion products (Guo et al., 2020;
Gordon et al., 2012, Vereecken et al., 2016), it also controls the development of watershed geomorphology
and the evolution of morphological characteristics (Mancilla et al., 2005; Oz et al., 2017; Wu et al., 2018).
In rill erosion processes, rill morphology is the result of interactions between hydrodynamic factors and soil
properties (Schneider et al., 2013; Assouline et al., 2017; Wu et al., 2020). Although the presence of rills results
in more water flowing into rills from inter-rills, thereby increasing rill flow erosivity and the sediment transport
capacity of runoff (Robichaud et al., 2010; Wu et al., 2018), an increase in runoff erosivity and sediment
transport capacity aggravates rill morphology evolution (Schneider et al., 2013; Zhang et al., 2019). Therefore,
the evolution of rill morphology, hydrodynamic characteristics and soil erosion form a complex mutual
feedback process. Quantitative description of rill morphology and the relationship between rill morphological
evolution, runoff and sediment yield are important to fully understand rill erosion, promoting the development
of soil erosion simulation.

Currently, investigations have been undertaken on rill cross-section shape (rill width, depth, width depth
ratio, etc.) (Mancilla et al., 2016; Shen et al., 2016; Oz et al., 2017) and rill network characteristics (average
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rill azimuth, rill density, rill cutting degree and average rill bending complexity, rill number and discontinuous
rill number, rill fractal dimension) (Gómez et al., 2003). The development process of rills has been quantified
from three perspectives (Govers et al., 2007; Shen et al., 2015; Zhang et al., 2017; Wu et al., 2018), as
well as using the degree of connectivity (the number of combined nodes and bifurcation ratio) (Schneider
et al., 2013; Zhang et al., 2017). Although these methods provide indices for characterizing rill networks,
the indicators ignore rill evolution during rainfall runoff and soil erosion processes. In order to improve
erosion model accuracy, these rill characteristics have recently been incorporated into slope erosion models,
resulting in an improvement in model results. For example, Wu et al. (2020) constructed a model to embed
rill evolution module into hillside rainfall runoff erosion processes. However, their experimental materials
were mainly concentrated in one or a few types of soil, and the effects of soil properties on rill erosion
morphology and sediment yield were not systematically considered. Due to changes in soil properties and the
complexity of soil erosion processes, each function can only be used for the soil erosion model under similar
soil or experimental conditions.

The effects of soil properties on slope erosion and rill morphology are often ignored. Soil type and soil texture
have significant effects on soil separability, particle size distribution of eroded sediment and morphological
characteristics of erosion (Knapen et al., 2007). The difference of soil physical properties is the internal
influencing factor of erosion processes and rill erosion (Dong et al., 2014; He et al., 2014; Wu et al., 2017).
Soil properties determine the soil shear strength and stripping rate, directly affecting the occurrence of slope
erosion. Bonilla et al. (2012) found that the correlation between silt content and soil separability was the
largest, followed by sand content, while the correlation between clay content and soil erodibility was the
weakest. Processes of soil separation and sediment transport are also closely related to the size of primary
and aggregate soil particles (Rienzi et al., 2013). At the same time, soil properties affect the formation and
stability of soil crusts, change surface soil permeability, and regulate runoff and runoff velocity, having an
important impact on slope erosion and rill morphology (Vaezi et al., 2017; Mahalder et al., 2018; Sun et al.,
2020). Soil properties are also closely related to soil structure stability. Under different rainfall intensities,
different soil structure stabilities will have an important impact on gully wall stability (Xu et al., 2015; Guo
et al., 2019).

As a key agricultural area in northwest China, the Loess Plateau has suffered from serious soil erosion for
decades, and rill landforms formed by water erosion have serious impacted agricultural production (Wu et al.,
2018; Sun et al., 2020). At the same time, soil in the Loess Plateau has a consistent particle size composition
(0.05-0.005 mm silt, accounting for 58% - 75%) and zonality of particle size distribution. Zonality shows
that grain size of loess gradually becomes fine from the northwest to the southeast, coinciding with sandy
soil, light soil, medium soil and heavy soil zones, respectively. Loess grain size differences in the north-south
direction have a profound impact on landforms and soil erosion. Although many experiments have been
undertaken to study the process and mechanism of water erosion in the Loess Plateau (Fang et al., 2015;
Shen et al., 2016; He et al., 2017), it is still unclear how changes to soil properties in different regions affect rill
morphology during surface erosion, and the accuracy of the regional erosion prediction model with multiple
soil types needs to be further improved. Therefore, a series of simulated rainfall experiments were carried out
in different soil zones to examine the following objectives: (1) to examine the effects of soil characteristics on
rill morphology (2); to discuss differences in different types of soil slope erosion responses to rainfall intensity
and slope angle; and (3) to establish a prediction model of slope erosion based on soil characteristic factors
and rill shape factors. Findings from this investigation will improve our understanding of erosion mechanisms
of multiple soil zones.
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2. Materials and methods

2.1. Experiment materials

The experiment was carried out in the artificial rainfall hall of the State Key Laboratory of soil erosion and
dryland agriculture, Institute of soil and water conservation, Ministry of water resources, Chinese Academy
of Sciences. A movable and adjustable steel soil trough (5 m long × 1 m wide × 0.5 m high) was used.
Experimental rainfall mode consisted of a downspray rainfall system. To ensure that all raindrops reached a
final speed, rainfall height was set at 18 m (He et al., 2017).

According to the zonal division of soil in the Loess Plateau (Li et al., 1985), a sandy loam (SL; Suide), a
light loam (LL; Ansai), a medium loam (ML; Changwu) and a heavy loam (HL; Yangling) were sampled
from different soil zones from the north to the south across the plateau (Fig. 1). All samples were collected
from the soil surface of local cultivated land. For the four soil types, soil bulk density was 1.34 g/cm3 (SL),
1.26 g/cm3 (LL), 1. 21 g/cm3 (ML) and 1. 13 g/cm3 (HL). Organic matter content was determined using the
potassium dichromate heating method (Nelson and Sommer, 1982), mechanical composition was determined
using the laser particle size analysis method (Vaezi et al., 2017), and a wet sieving method (Castro et al.,
2002) was used to determine water stable aggregate content. For each analysis three replicas were conducted.
Soil properties are shown in Table 1.

2.2. Experimental design and process

Before analysis, soil samples were air dried, passed through a 10 mm sieve, and had weeds and stones removed.
In order to keep permeability of test soil as close as possible to that on the natural slope, the bottom of the
test steel tank was filled with a 10 cm thick layer of fine sand upon which a permeable fine gauze was laid.
The remainder of the steel tank was then filled with test soil using a layered filling method. During filling
the soil was compacted at the same time. Each filling layer was 5 cm thick, and the total filling thickness in
the tank was 30 cm. Bulk density of soil in the experimental tank was equivalent to that of the natural soil.
In order to reduce the influence of the sidewall effect as much as possible, clapboards were compacted as
much as possible when soil was loaded. After loading, the soil surface was leveled using a ruler and placed in
the rainfall area for analysis. Four slope grades (10°, 15°, 20° and 25°) were used in the experiment and each
slope was tested under two rainfall intensities (1.5 and 2.0 mm/min). In order to ensure that final rainfall
was equal, corresponding rainfall durations were set at 60 min and 45 min, respectively.

During rainfall simulation, sediment and runoff samples were collected at the slope outlet, having a sampling
interval of 1 min. Sediment volume was determined using the drying method. Slope runoff velocity was
determined using the color tracer method (KMnO4solution). Velocity measurement included slope velocity,
rill velocity after rill formation and rill velocity between rills. Starting from the slope section at the bottom
of the slope, flow velocity at 4, 3, 2 and 1 m from the top of the slope was continuously measured. Before and
after the experiment, DEM micro terrain surface data was collected using a 3D laser scanner (scanning 2),
having an accuracy of 1 mm. At the same time, a high-definition camera was used to record slope morphology
changes during the rainfall process.

2.3. Data analysis

DEM data form the soil trough was denoised using cyclone software. DEM for the whole slope was obtained
after invalid points were removed. At the same time, ArcGIS software was used to extract rill length, width,
depth and density data; other characteristic parameters of rill erosion were also calculated.
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3. Results and discussion

3.1. Soil erosion rate

Under a rainfall intensity of 90 mm/h, the soil erosion variation range rate for the four soil types was 1.8-35.4
g min-1m-2 (SL), 27.1-135.4 g min-1m-2 (LL), 16.5-76.0 g min-1m-2 (ML) and 105.2-467.1 g min-1m-2 (HL),
having the order of SL < LL [?] ML < HL (Fig. 2). When rainfall intensity was 120 mm/h, the rate of soil
erosion for the four soil types increased by 11.9 times (SL), 1.6 times (LL), 2.3 times (ML) and 1.4 times
(HL). Erosion rate at SL was the most sensitive to an increase in rainfall intensity, and the overall order of
soil erosion rate was ML [?] LL < SL < HL. These results indicate that rainfall intensity plays a major role
in soil erosion. Soil erosion rate with slope recorded an initial increase for SL and HL before decreasing as
the angle of slope increased; maximum erosion rates were recorded at 15deg and 20deg, respectively. The
soil erosion rates for LL and ML had no regularity with an increase in slope angle.

In order to further analyze causes for different types of soil erosion, differences in erosion rate before rills
were formed were analyzed. Results indicate that, although no significant differences in SL, LL or ML
were recorded, a significant difference between SL, LL, ML and HL was evident (Fig. 3). As shown in
Fig. 2, significant differences among the four soils during the whole soil erosion process were also recorded.
Comparison of these results indicate that differences of SL, LL and ML soil erosion were mainly caused by
differences in rill erosion. These results also indicated that an increase of soil erosion rate caused by different
types of soil rill erosion was not obvious when rainfall intensity was 90 mm/h. When rainfall intensity was
120 mm/h, SL rill erosion caused a sharp increase in the soil erosion rate; LL rill erosion caused a strong
increase in the soil erosion rate; and ML rill erosion caused a slight increase in the soil erosion rate. An
increase in the soil erosion rate caused by HL rill erosion was not obvious.

3.2. Morphological development and occurrence of rills

3.2.1. Occurrence of rills

Runoff characteristics and rill generation time (Table 2) indicate that, when rainfall intensity was 90 mm/h,
rills were evident in all slopes under the HL soil type. For SL, LL and ML, rills were only recorded with
slope angles of 15deg, 20deg and 25deg, respectively. The occurrence time of rills gradually decreased with a
decrease in particle size, a finding that is consistent with the variation law of runoff generation time (Table
2). Under a rainfall intensity of 120 mm/h, rills appeared in HL and SL at all four slopes; LL recorded an
absence of rills at 15deg and 25deg, and ML had no rills at 10deg. Rill frequency results indicate that HL
was the most prone to the formation of rills, and rills occurred more frequently at SL, LL and ML under
heavy rain, with SL being the most sensitive to heavy rain. Under different rainfall intensities and slopes,
a decrease in loess particle size resulted in a gradual decrease in runoff generation time, and average runoff
rates before rill formation gradually increased (Table 1 and Table 2). However, the uniformity of soil particle
size composition and the size of aggregates affects topsoil stability (Neyshabouri et al., 2011; Madenoglu
et al., 2020). In general, the stability of topsoil decreases with a decrease in uniformity of soil particle size
composition and an increase in aggregate size (Neyshabouri et al., 2011). Our results indicated that particle
size composition of ML and HL was uniform (Table 1), and that particle size of aggregates was larger.
Although these characteristics were conducive to runoff stripping and scouring, organic matter content in
ML was higher than in the other soil types, thus enhancing surface soil stability. Before rill formation, HL
recorded rates of runoff and soil erosion. A large volume of sediment was stripped and transported, resulting
in the formation of an uneven slope, thereby creating conditions for concentrated flow. HL was also recorded
to have the highest clay content of the soil types, thus being more readily stripped and scoured, thus being
the main reason why this soil type was prone to rill formation.

As previously recorded (He et al. 2017), rills are mainly caused by heavy rainfall intensity; consistent with
our results, rills typically increase with an increase in rainfall intensity (Berger et al., 2010). Rainfall intensity
affects soil erosion through raindrop strike and runoff (Vaezi et al., 2018). Large rainfall intensity increases
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instantaneous runoff, and an increase in raindrop strike increases runoff disorder, which increases runoff
erosivity, thus increasing the probability of rill generation. By comparing runoff rate and runoff velocity
under different types of soil before rill formation indicated that rill formation is more sensitive to an increase
in runoff rate caused by an increase in rainfall intensity. Under a rainfall intensity of 90 mm/h, SL runoff
was low, and runoff was difficult to converge, therefore not being conducive to the generation of rills. Under
a rainfall intensity of 120 mm/h, the increase in raindrop splash erosion and runoff promoted the removal
and transportation of sediment, resulting in the formation of an uneven slope. As SL contained the largest
sand content, a loose structure and the lowest content of organic matter, this soil type had poor structural
stability. Once uneven points are present in a soil, it will quickly collapse, promoting the generation of rills.
Heavy rainfall intensity also increased stripping and transportation of sediment under LL and SM soil types.
However, due to LL and ML having higher clay and organic matter contents, soil structural stability of these
soil types increased, resulting in a reduction of soil collapse. At the same time, because silt and sand contents
were still large, erosion and scouring were not easily undertaken, thus rills did not readily form under LL
and ML soils. Even when rills did form under these soil types, formation took a long time to occur.

Although SL, LL and ML rills did not record an obvious change with slope gradient, rills still mainly
occurred on slopes with a greater gradient, indicating that slope gradient was an important factor affecting
rill development (Mancilla et al., 2005). Slope affects rill generation by affecting rainfall, the runoff dynamic
gradient and soil stability (Bagarello et al., 2010; Langhans et al., 2014; Jerzy et al., 2016). In general,
the hydraulic gradient of runoff from a steep slope is large. This increases the velocity of slope flow and
increases the shear force of slope runoff; at the same time, the instability of a steep soil slope increases, and
the component force along the slope surface increases. Sediment is therefore removed by runoff, thus being
conducive to the occurrence of rills (Komatsu et al, 2011; Ries et al., 2014; Zhang et al., 2016). However,
under the influence of reduced the area of land experiencing rainfall, the impact of slope on runoff has a
critical value. The sensitivity of different types of soil to a reduction of rainfall differs, and the occurrence
time and probability of rills vary with slope angle.

3.2.2. Morphological development of rills

Different indicators are currently used to quantify the development process of rills from the aspects of rill
cross-section morphology, rill network characteristics and connectivity. In this study, cumulative rill length
(CDL), average rill width (WA), average rill depth (Ha), rill density (DS), rill merging node (J) and rill
number (N) were selected from these aspects to quantify rill morphology variation with rainfall. These
variables were also used to clarify differences in rill development processes for the different types of soil, such
as headward erosion, rill wall collapse and rill bottom undercutting.

Results for change process of CDL with rainfall (Fig. 4) indicated that SL, LL and ML had an approximate
linear increase with an increase in rainfall; the increment of increase, however, was small. CDL of HL
recorded an initial rapid increase as rainfall increased; after this the rate of increase declined. The increment
for HL was large. At the end of the rainfall experiment, CDL range for SL, LL and ML was 1.5-4.8 m,
and there was no obvious sequence relationship among these soils. CDL range for HL was 8.2-41.7 m. CDL
for SL increased with an increase in rainfall intensity, and CDL changes for LL, ML and HL were almost
not affected by rainfall intensity. CDL for SL initially increased before decreasing with an increase in slope,
reaching a maximum when the angle of slope was 15deg. CDL for LL and ML did not record a change with
an increase in slope angle; CDL results for HL recorded an increase as the angle of slope increased.

Results for Wa change process with rainfall (Fig. 5) recorded an increase with an increase in rainfall duration.
Results for SL and LL recorded an initial rapid increase before the rate of increase declined; ML recorded a
rapid increase at 20deg and 25deg under a rainfall intensity of 120 mm/h, having an initial rapid increase
and then increasing slowly under other conditions. At the end of the rainfall experiment, Wa for the different
soil types was: HL < ML [?] LL < SL, in which Wa of SL ranged from 12.6 - 24.2 cm, ML and LL ranged
from 3.4 - 15.0 cm, and HL ranged from 1.6 - 2.5 cm. The influence of rainfall intensity on Wa of SL and HL
was not obvious; Wa of LL and ML increased with an increase in rainfall intensity. Wa recorded a decrease
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for SL with an increase slope angle; LL and ML recorded an increase in Wa with an increase in slope angle;
and HL recorded no change.

Ha recorded a general trend of increase with rainfall (Fig. 6). Ha results for SL, LL and HL all recorded a
rapid initial increase before the rate of increase declined; Ha for ML recorded an initial rapid increase under
a rainfall intensity of 120 mm/h. At the end of the rainfall experiment, no obvious sequence relationship was
identified between Ha under all soil types in the range of 2.5-10.7 cm. The influence of rainfall intensity on
Ha under SL, ML and HL is therefore not obvious. Ha under LL recorded an increase with rainfall intensity.
Ha under SL recorded an initial decrease before increasing as the angle of slope increased, with the maximum
value occurring when the angle of slope was 10deg. Ha of LL and HL increased with an increase in slope
angle. Under a rainfall intensity of 120 mm/h, Ha under ML decreased with an increase in slope angle.

The change process of DS with rainfall (Fig. 7) recorded an increase as rainfall duration and rainfall intensity
increased for all soil types. However, under a rainfall intensity of 120 mm/h, the increasing trend of DS
under different types of soil gradually declined. At the end of the rainfall experiment, DS for the different
soil types was in the order of: ML < SL < LL < HL. DS ranged from 0.2 - 2.2 m/m2 for SL, LL and ML, and
from 3.2 - 7.6 m/m2 for HL. DS of SL initially increased before decreasing as the angle of slope increased,
reaching a maximum at 20deg. DS under LL and HL increased as the angle of slope increased, and DS under
ML was irregular.

Results for the change process of J with rainfall (Fig. 8) indicated that J under SL easily occurred under
a rainfall intensity of 120 mm/h and a slope angle ranging from 10 deg to 20deg. Results indicated that J
did not easily form under LL and ML soil types; J also easily formed under HL. When rainfall intensity was
90 mm/h, J under HL rapidly increased with an increase in rainfall duration. When rainfall intensity was
120 mm/h, J recorded a rapid initial increase before increasing slowly with rainfall duration under SL and
HL soil types. At the end of the rainfall experiment, the variation range of SL and HL was 2-6 and 5-24,
respectively. Although J recorded an increase with an increase in slope intensity under SL and HL, it was
not readily apparent at 25deg under SL.

Change processes of N under all soil types recorded an increase with rainfall duration (Fig. 9), being
characterized by an initial rapid increase which then declined. HL recorded the most N, ranging from 9 to
40. There was no obvious order relationship among SL, LL and ML, with N ranging from 1 to 7. Results
for rainfall intensity recorded N to increase under all soil types. With an increase in slope angle, N under
SL initially increased before decreasing, peaking at 20o. N under LL decreased as slope angle increased. N
under ML was predominantly not affected by slope, and N under HL recorded an increase as the angle of
slope increased.

Our results indicate that the development process of rill morphological parameters under different soil types
are similar, recording rapid increases under a light rain intensity and a gentle slope, however the level of
increment was small. Under a heavy rain intensity and a steep slope, rill morphological parameters initially
rapidly increased before the rate of increase declined; the level of increment of rapid increase was larger. In
the early stage of rill development, the converging effect of rill development on runoff gradually increased,
and converging runoff further promoted the rapid development of rills. With the continuous development of
rills, the converging effect of rills on runoff gradually weakened, decreasing rill development. Our results are
consistent to those of Wu et al. (2018) who examined feedback coupling effects between rill morphology and
rill erosion. Our results also indicated that morphological characteristics of rill development in different soil
types differ. The development of rills under SL was mainly due to an increase of Wa and J; rill development
under HL was mainly due to an increase of CDL, J and N. The index parameters of LL and ML rill
development were between SL and HL. At the end of the rainfall experiment, Ha had no obvious order
relationship, however the speed of increase differed during the rainfall events. The main reason for this
phenomenon is that rill widening is mainly caused by collapse of the rill wall and merging of adjacent rills
under gravity (Mancilla et al., 2005; Shen et al., 2015). An increase in rill length is mainly caused by an
increase in the number of rills and rill head advance under traceable erosion (Schneider et al., 2013; Wu et al
2018). An increase in rill depth is mainly caused by further retrogressive erosion of rills due to undercutting,
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caused by runoff shear dispersion and the reemergence of rill head undercutting in rills (Gomez et al., 2003;
Zhang et al., 2017; Zhao et al., 2018). A higher level of soil cohesion, due to higher levels of clay and organic
matter content, make it easier for soil to form a mass structure, especially as clay content in a soil can
significantly enhance the anti-dispersion ability of the wet soil layer. Soil structure stability is the important
factor here. Therefore, Wa of HL slopes was smaller, being less than 5 cm. Under the condition that rills
easily occur, stripping erosion due to runoff further intensifies the headward erosion of rills. SL soil only had
a clay content of 12.1% and the lowest organic matter content of the four soils, resulting in this soil to have
poor structural stability. In addition, the sand content of SL peaked at 68.5%, resulting in the soil to be loose
and porous. Once a rill formed in SL, the rill wall and gully head readily collapsed under runoff effects, thus
aggravating slope erosion. Due to differences in rill development mode between SL and HL, Ha in SL was
mainly developed by further retrogressive erosion of the rill head after rill collapse, characterized by a phased
increase; Ha in HL was mainly developed by rill bottom cutting whilst the rill length increased, characterized
by a gradual increase. At the same time, due to differences in rill development mode between SL and HL,
the negative effect of SL rill development on runoff convergence slowly weakened, and the negative effect
of HL rill development on runoff convergence weakened faster. Therefore, after rill formation, SL erosion is
more severe and lasts longer.

Results from this analysis indicate that rainfall intensity has a positive effect on rill morphological parameters
for all soils, and sensitivity of rill parameters to rainfall intensity was: N > DS > J > Wa > CDL [?] Ha.
The angle of slope had both positive and negative effects on SL, LL and ML rill morphological parameters,
with only positive effects on HL. The sensitivity of rill parameters to slope response had the order of: Ha >
Wa [?] J > DS [?] N > CDL.

3.3. Correlation between influencing factors and relevant parameters of erosion
processes

In order to examine the influence of influencing factors on slope erosion, Pearson correlation analysis was
used on influencing factors, runoff and sediment parameters, and rill shape parameters (Table 3 and Table
4). Results indicate that clay, silt and MWD were significantly positively correlated with the amount of
erosion and rill erosion, and sand and OM was significantly negatively correlated with the amount of erosion
and rill erosion (Table 3). The correlation of soil characteristic factors with rill morphological parameters
indicated that clay and silt are significantly positive correlated with CDL, DS, J and N. Significant negative
correlations were recorded between clay and Wa, and a significant negative correlation was recorded between
silt and Wa, Ha; a significant positive correlation between sand and Wa, Ha was recorded, and a significant
negative correlation was recorded between sand and CDL, DS, J and N. A significant positive correlation
was found between OM and MWD and CDL, DS, J and N. finally, a significant negative correlation existed
between OM, MWD and Wa, Ha. These findings correlate the rationality of our previous analysis.

As soil characteristics also affect slope roughness after erosion, they also affect flow velocity between interrills
and rill, thereby having an important indirect impact on the development of erosion and rill morphology. As
shown in Table 4, clay, silt and MWD were significantly positively correlated with Q and V, and significantly
negatively correlated with T1 and VL. Sand was significantly positively correlated with T1 and VL and
significantly negatively correlated with Q and V. OM was positively correlated with T1 and V, and negatively
correlated with Q. Wa and Ha were negatively correlated with V, CDL, DS and J; N was negatively correlated
with VL and positively correlated with Wa.

3.4. A multi-type soil erosion prediction model based on rill development

Correlation analysis shows that soil characteristic factors seriously affect slope erosion, thus the establishment
of a quantitative index of soil characteristics in this study took erosion amount as the objective function.
Soil characteristic factors with a significant correlation with erosion amount were selected to establish a
regression relationship, thereby forming a comprehensive quantitative parameter (C). By using multiple
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linear regression in SPSS, the silt factor was eliminated due to collinearity, and the equation was established
as:

C=4.220 clay+0.392 sand+49.986 MWD-10.55 OM R2 =0.814 (1)

This analysis indicates that the change of erosion amount has a synchronous effect with rill morphology
evolution. In this study, we adopted the same method as that used by Zhang et al. (2019), constructing the
rill morphology expression (G) as:

G=6.271 CAL+1.108 Wa+2.100 DS+0.862 N R2 =0.926 (2)

Based on the constructed soil characteristic factor C and rill form G, combined with the main factors of
rainfall, rainfall intensity and slope that affect soil erosion, the prediction model of slope erosion in the loess
area was established as:

R2=0.919 (3)

where, D is the erosion module of individual rainfall under a bare slope (kg m-2); P is rainfall (mm); I
is rainfall intensity (mm/h); and S is slope (deg). The model was validated using 78 independent data
sets (Fig. 10), and R2 between the measured value and the simulated value was 0.919, indicating that the
equation could suitably predict slope erosion.

4. Conclusions

In this study, erosion and rill morphology for four soils in the Loess Plateau, China, were compared under
different artificial conditions. Results indicated that soil erosion differences among SL, LL and ML were
mainly caused by different rill erosion processes. Soil erosion rates recorded varying degrees of increase with
rill erosion under the four soil types: SL recorded a sharp increase, LL recorded a strong increase, and ML
and HL recorded slight increases. HL was the most prone to the occurrence of rills; SL, LL and ML are prone
to the occurrence of rills under heavy rain. The development of rills under SL was mainly characterized by an
increase in Wa and N; the development of rills under HL were mainly characterized by an increase of CDL,
J and N. Rill development indices for LL and ML were between those of SL and HL. The sensitivity of rill
parameters to rainfall intensity was in the order of: N > DS > J > Wa > CDL [?] Ha, and sensitivity to slope
was in the order of: Ha > Wa [?] J > DS [?] N > CDL. Soil properties may affect rill formation by changing
the distribution of slope flow and the stability of soil particles being stripped and scoured. At the same
time, soil properties may also affect the relationship between rill morphology, rainfall intensity and slope by
changing soil structure stability; rill morphology enhances the difference of different types of soil erosion by
changing the distribution of water flow between and within rills. In addition, an empirical relationship based
on soil characteristic factors, rill shape parameters and soil erosion were established to reflect the influence
of soil characteristics and rill shape on soil erosion. These results improve our understanding of the effects
of soil properties on soil erosion and rill morphology in the Loess Plateau.
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Table 1. Soil properties from the study site

Sampling sites
Texture
category

Mechanical
composition
(%)

Mechanical
composition
(%)

Mechanical
composition
(%) MWD (mm) OM (g·Kg-1)

Clay
<0.002mm

silt
0.002-0.02mm

Sand
0.02-2mm

Suide Sandy loam
(SL)

12.1 19.4 68.5 6.6 5.9

Ansai Light loam
(LL)

15.7 26.8 57.5 20.7 7.4

Changwu Medium
loam (ML)

21.2 38.0 40.8 51.8 12.3

Yangling Heavy loam
(HL)

26.3 38.1 35.6 76.4 18.3

MWD: the mean weight diameter of aggregates after wet sieving; OM: Organic matter;

Table 2. Runoff characteristics before rill development

Rainfall
intensity
(mm/h) Slope (°) Soil T1 (min) T2 (min)

RRF (ml m-2

min-1) VRF (m/s)

90 10 SL 5.9 - 781.50 0.13
LL 2.5 - 1282.89 0.23
ML 2.6 - 1241.40 0.26
HL 1.8 27.0 1652.26 0.23

15 SL 7.5 27.1 669.33 0.13
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Rainfall
intensity
(mm/h) Slope (°) Soil T1 (min) T2 (min)

RRF (ml m-2

min-1) VRF (m/s)

LL 3.5 - 1495.33 0.29
ML 3.1 - 1288.20 0.23
HL 1.9 24.0 1519.38 0.21

20 SL 6.5 - 675.17 0.17
LL 3.3 31.3 1487.33 0.30
ML 2.1 - 937.73 0.19
HL 1.3 16.8 1492.00 0.23

25 SL 7.8 - 513.72 0.32
LL 3.2 - 1024.41 0.32
ML 2.7 36.7 1138.29 0.18
HL 1.3 9.8 1465.33 0.29

120 10 SL 3.8 18.1 1430.30 0.12
LL 1.8 12.3 1148.57 0.22
ML 2.2 - 2053.18 0.26
HL 1.1 22.0 2073.00 0.22

15 SL 4.0 12.3 1624.14 0.14
LL 1.1 - 1938.78 0.30
ML 1.9 25.2 2003.33 0.26
HL 1.0 12.4 2318.95 0.22

20 SL 4.1 20.4 901.05 0.11
LL 1.6 30.4 1552.69 0.27
ML 1.4 43.3 1861.95 0.28
HL 1.4 10.0 2035.56 0.27

25 SL 4.8 22.4 494.22 0.13
LL 7.5 10.7 1165.36 0.16
ML 1.5 35.2 1844.12 0.28
HL 1.8 18.4 1717.50 0.18

T1: Time to runoff initiation; T2: Time to rill initiation; RRF: Runoff rate before rill appearance; VRF:
Runoff velocity before rill appearance.

Table 3. Correlation between influencing factors and erosion parameters

Clay silt sand MWD OM R P S

T1 -0.69** -0.72** 0.72** -0.69** 0.68** -0.44** -0.13 0.17
Q 0.41** 0.43** -0.43** 0.41** -0.40** -0.15 0.75** -0.25*
D 0.43** 0.24* -0.33** 0.38** -0.39** 0.41** 0.28** 0.48**
DR 0.47** 0.33** -0.39** 0.42** -0.32** 0.31** 0.39** 0.45**
V 0.23* 0.39** -0.33** 0.25* 0.46** -0.01 0.09 0.30**
VL -0.43** -0.28* 0.35** -0.39** -0.16 0.24* 0.01 -0.07
CDL 0.58** 0.43** -0.50** 0.54** 0.29** -0.13 0.53** 0.31**
Wa -0.72** -0.68** 0.70** -0.69** -0.59** 0.36** 0.33** -0.06
Ha -0.20 -0.30** 0.26* -0.21 -0.34** -0.04 0.40** 0.10
DS 0.650** 0.48** -0.56** 0.60** 0.32** -0.12 0.20 0.21
J 0.51** 0.36** -0.43** 0.48** 0.23* 0.05 0.17 0.25*
N 0.53** 0.37** -0.44** 0.48** 0.24* 0.09 0.11 0.24*
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MWD: the mean weight diameter of aggregates after wet sieving; OM: Organic matter; I: Rainfall intensity,
mm/h; P: rainfall, mm; S: slope gradient, °; T1 Time to runoff initiation, min; Q: Flow discharge, L; D:
Sediment yield, Kg; DR: Rill sediment yield, Kg; V: Interrill flow, m/s; VL: Rill flow, m/s. CAL: Rill
cumulative length, m; LM: Maximum length of rill, m; Wa: Rill mean width, cm; Ha: Rill mean depth, cm;
DS: Rill density, m/m2; J: Merge nodes; N: Number of rills. ** indicates a significant correlation at p <0.01;
* indicates a significant correlation at p <0.05.

Table 4. Correlation between runoff, sediment parameters and rill morphological parameters

Q D DR V VL CDL Wa Ha DS J N

Q 1
D 0.45** 1
DR 0.14 0.76** 1
V 0.32** 0.37** 0.20 1
VL -0.05 0.29** 0.40** 0.28* 1
CDL 0.34** 0.79** 0.88** 0.15 -0.31** 1
Wa -0.15 0.31** -0.45* -0.29** 0.43** -0.38** 1
Ha 0.06 0.35** -0.03 -0.24* 0.11 0.32** 0.54** 1
DS 0.42** 0.82** 0.86** 0.12 -0.40** 0.94** -0.42** 0.26* 1
J 0.30** 0.82** 0.84** 0.01 -0.35** 0.92** -0.30** 0.30** 0.88** 1
N 0.24* 0.80** 0.86** 0.07 -0.34** 0.91** -0.35** 0.27* 0.89** 0.96** 1

Q: Flow discharge, L; D: Sediment yield, Kg; DR: Rill sediment yield, Kg; V: Interrill flow, m/s; VL: Rill
flow, m/s. CAL: Rill cumulative length, m; Wa: Rill mean width, cm; Ha: Rill mean depth, cm; DS: Rill
density, m/m2; J: Merge nodes; N: Number of rills. ** indicates a significant correlation at p <0.01; *
indicates a significant correlation at p <0.05.
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