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Abstract: It is of great significance to quantify sediment load changing with erosion processes
for improving the precision of soil loss prediction. Indoor rainfall experiments were conducted
in 2 rainfall intensities (90 mm-h™" and 120 mm-h™"), four slope gradients (17.60%, 26.80%,
36.40%, 46.60%) and 2 slope lengths (5 m, 10 m). Erosion processes are divided into five
stages. Results show that sediment yield is mainly sourced from rill erosion, contributing from
54.60% to 95.70% and the duration of which is extended by slope gradients. Sediment load
and sediment concentration are significantly different along erosion stages, with the highest
values in rill development stage (S,y). Surface flow velocities (interrill and rill) demonstrate
less significant differences along erosion stages. Rainfall intensity increases sediment load in
all stages, with up to 12.0 times higher when changing from 90 to 120 mm-h™". There is an
increasing trend for sediment load and sediment concentration with the rising slope gradient,
however, fluctuations existed with the lowest values on 26.80% and 36.40%, respectively,
among different treatments. The slope gradient effects are enhanced by rainfall intensity and
slope length. Results from this study are important for validating and improving hillslope ero-
sion modelling at each erosion stage.
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1 Introduction

Soil erosion is defined as ‘a process of detachment and transport of soil materials by erosive
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agents’ (Ellison, 1947). Despite extensive research on soil and water conservation, soil ero-
sion is still one of the major agricultural problems worldwide (He et al., 2014; Slimane et al.,
2016). Generally, sediment transport processes include those on the surface of the hillslope
and those in gullies or river beds, which are dominated by totally different hydraulic condi-
tions (Bryan, 2000; Abderrezzak et al., 2014; Li et al., 2017; Song et al., 2017; Gar-
zon-Garcia et al., 2018). Sediment load by hillslope erosion is specifically focused on in this
study. Slope erosion develops from interrill erosion (splash and sheet erosion) to rill erosion
(Auerswald et al., 2009; Fang et al., 2014). Sheet erosion is driven by splash detachment and
overland flow (Merz and Bryan, 1993; Yang et al., 2006). Rills may occur and be dominated
by concentrated flow when certain hydraulic conditions are reached (Yang et al., 2006).

Interrill and rill processes have considerable differences in their contribution to soil re-
moval (Wirtz et al., 2012). The sediment detachment and transportation by interrill erosion
is mainly determined by the hydraulic parameters under the disturbance of rainfall (Moss
and Green, 1983; Beuselinck et al., 2002; Brodie and Rosewell, 2007). In contrast, rill ero-
sion is dominated by the concentrated flow, and influenced by soil texture in addition, with
less response to rain drop impacts (Bryan, 2000; Govers et al., 2007; Romero et al., 2007).
Rill erosion is the most important process for soil loss on hill slopes, the contribution of
which could be up to 90% (Fang et al., 2014; He et al., 2014). Hence, most experimental
work both in the laboratory (Bennett, 1999; Polyakov and Nearing, 2003) and under field
conditions (Torri et al., 2012; Wirtz et al., 2012) has been conducted to investigate rill ero-
sion. The interests are concentrated on the threshold conditions for rills (Merz and Bryan,
1993), runoff and sediment transportation in rills (Polyakov and Nearing, 2003; Yan et al.,
2008; Fang et al., 2014) and estimating the hydraulic parameters in rills (Foster et al., 1984;
Govers, 1992; Lei et al., 2008).

In many process-based erosion models, the separation of rill and interrill erosion is of
significance to improve the precision on sediment load prediction (Rose ef al., 1983; Merritt,
1984; Nearing et al., 1989). Previous research made effort on the division of the erosion
processes and quantified the flow hydraulic changes in different stages (Sun et al., 2013).
For example, Ellison (1947) tried to divide the water erosion process on slope into four
sub-processes: rainfall erosion process, runoff erosion process, raindrop transport process
and runoff transport process. Merritt (1984) presented four stages identifying rill formation
process: sheet flow, flow line development, micro-rills and micro-rills with head-cuts.
However, the differences of sediment yields among erosion processes are not clearly under-
stood and quantified (Zhang et al., 2010). Currently, the soil erosion models normally ne-
glected the dynamic distribution of runoff between rill and interrill flow, with even less con-
sideration for the initiation, development and temporal evolution of rill network (Berger et
al., 2010).

Several factors e.g. rainfall, slope gradient, slope length, and soil type, may have signifi-
cant impacts on erosion processes (Sun et al., 2013; Fang et al., 2014; Zhang et al., 2018).
For example, Berger ef al. (2010) indicated that rainfall intensity has greater effects than
slope gradient on rill development and sediment load. Martinez-mena et al. (2002) suggested
that rainfall intensity is the most significant factor impacting the erosion processes in the
calcareous colluvial soil and marl soil, respectively. Additionally, the impacts of slope gra-
dient on soil erosion would change when slope steepness reaches thresholds (Liu ez al., 1994;
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Sun et al., 2013). These factors may have complex impacts on erosion process and sediment
loads, which are still an issue of unclear description. Up to date, numerous experiments have
been carried out on the Loess Plateau for different purposes under various conditions (Table
1). Yet, few of them are focused on the changing sediment load and flow velocity along erosion

stages. The aims of this research were therefore to divide the erosion process on loess slopes
by conducting laboratory simulation experiments, and to identify how the soil erosion char-
acteristics changed with the erosion process under different experimental treatments. The
results would improve our understanding of the variables changing during erosion processes
with the evolution of rills, which will be critical for validating and improving erosion mod-

elling on hillslope.

Table 1 Experimental investigations in the Loess Plateau

Experimental conditions

Ezzzil}l] Slope gradi-  Slope leggth (m) Research purpose Research results Reference
(mm-h) ent (%) xslope width (m)
120 17.60 1.5%0.2 Soil crust im- The spatial distribution of soil Luetal.,
pacts on erosion  crust has significant impacts on 2017
sediment yield.
90 8.80/17.60/ 4.0x1.0 Tillage practices  Artificial digging, artificial hoe- Wang et al.,
26.80 and slope im- ing and contour plow are efficient 2017
pacts on erosion  soil conservation measures,
however, their capacity decreases
with rising slope gradient.
48/ 60/90, 12.23/17.63/ 1.4x1.2 Sheet erosion Sheet erosion rate increases with Wu et al.,
120/138/  26.80/36.40/ modeling on rainfall intensity and slope gradi- 2017
150 40.40/46.63 steep slopes ent as a power function.
30/45/60/  8.80/17.60/ 1.2x0.8 Runoff features ~ Vegetation has important impacts ~ Zhao et al.,
90/120 26.80/36.40 of pasture and on runoff, as both delaying the 2014
crop slopes time to runoff occurrence and
reducing runoff coefficient.
120 26.80/36.40/ 5.0x1.0 Zonal charac- The transportation of sediment Lietal.,
46.60 teristics of sedi-  and its related organic carbon is 2017
ment-bound non-selective and the soil organic
organic carbon carbon loss is linearly correlated
loss with sediment loads.
120 26.80/36.40/ 5.0x1.0 Size selectivity ~ Rills are prone to transport Wang and
46.60 of eroded sedi- coarser particles due to the higher ~ Shi, 2015
ment on steep flow depth and runoff energy and
slopes clay-sized particles are trans-
ported as aggregates.
50/75/100 17.63/26.80/ 10.0x1.5 Rainfall inten- Rainfall intensity has greater im- Shen et al.,
36.40 sity and slope pact on rill erosion than slope 2016
gradient impacts  gradient.
on erosion
90/120 17.60/26.80/ 5.0x1.0 Rainfall and The rising of rainfall intensity Fang et al.,
36.40/46.60 slope gradient reduces runoff but increases 2014
impacts on ero-  sediment yield.
sion
90 17.60/26.80/ 5.0x1.0 Slope gradient Rill erosion is enhanced by He et al.,
36.40/46.60 impacts on rill steeper slopes. 2016

erosion

(To be continued on the next page)
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(Continued)
Experimental conditions
f:felgzil}l/ Slope gradi-  Slope length (m) Research purpose Research results Reference
(mm-h) ent (%) xslope width (m)

90/120 17.60 5.0x1.0 Rill erosion on Soil texture has a major impact on He et al.,
two soils the formation of rills. 2014

50/100 17.60 8.0x1.5 Rainfall intensity Rainfall intensity has greater impact Wen et al.,
and inflow rate on both the rates and the fluctua- 2015
effects on erosion  tions of soil loss on hillslope than

inflow rate.

50/100 26.80 10.0x3.0 Rill erosion and Rainfall intensity has significant Shen et
morphology impacts on rill development rate al., 2015

and rill morphology variations.

50/100 8.80/17.60 8.0x1.5 Raindrop impact Raindrop impact results in higher Luetal.,
and runoff de- amounts of soil loss than runoff 2016
tachment effects detachment.
on erosion

48/120 12.23/17.63/ 1.4x1.2 Discrimination of ~ Slope gradient and rainfall intensity ~Wu et al.,

26.80/36.40/ transport-limited have impacts on the relationships 2018
40.40/46.63 and detachment- between interrill erosion rate and
limited processes splash detachment rate
48/62/102/ 17.60/26.80/ Slope length: Interrill soil ero- Rainfall intensity has significant Zhang and
149/170  36.40/46.60/ 0.4/0.8/1.2/1.6/2  sion processes on impacts on both soil detachment Wang,
57.70 steep slopes and sediment transportation. 2017
25/50/75/1 10.00 1.2x1.2 Micro-relief im- Crusts increase runoff and sediment Zhao
00 pacts on erosion yield regardless of the impacts of etal.,
tillage treatments. 2016
40/60/80 17.60 2.0x1.0 Structural and Both mounds and depressions delay  Wu et al.,
depositional crusts  the time to runoff, but have differ- 2016
on soil erosion ent impacts on sediment transporta-
tion. Sediment delivery is increased
by mounds, whilst is decreased by
depressions.

40/90 26.80 2.0x1.0 Soil surface Sheet erosion is dominated by soil Zheng et
roughness effects surface roughness for all treatments  al., 2014
on erosion

80 17.60 4.0x1.0 Soil crust and crop  Crusts increase runoff and decrease soil  Ma et al.,
effects on erosion  loss, and crops enhance such effects 2014
90 26.80 2.0x1.0 Rainfall kinetic Sediments are prone to be trans- Wang et
energy impacts on  ported as primary particles at higher al., 2014b
erosion rainfall kinetic energy
90 7.60/26.80/ 5.0x1.0 Sediment sorting Suspension-saltation transportation  Shi et al.,
36.40/46.60 associated with of the finer particle (<0.054 mm) is 2012
erosion on steep dominated by interrill erosion,
slopes whilst bed-load transportation of
medium to large-sized sediment
particles (>0.152 mm) become more
important in rills.
50/75/100 26.80 8.0x2.0 Slope length ef- Runoff discharge increases with Wang and
fects on erosion rising of slope length and slope Zheng,
gradient, whilst sediment yield fluc- 2008
tuated with slope length.
(To be continued on the next page)
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(Continued)
Experimental conditions
.Rainfz?H Slope gradi-  Slope length (m) Research purpose Research results Reference
intensity . .
(mm-h ) ent (%) xslope width (m)
70/90 36.40 3.0x1.5 Up-slope runoff Up-slope runoff and sediment con- ~ Zheng and
2.0%x1.5 and sediment centration have significant impacts  Gao, 2004
concentration ef- on soil loss and rill development in
fects on erosion the down-slope.
60/90/120  17.60/26.80/ 5.0x1.0 Hydrodynamic Resistance coefficients in rills are Wang
36.40/46.60 10.0x1.5 characteristics in mainly dependent on Reynolds etal.,
rills number, which is closely related to 2014a
flow velocity.
90/120 17.60/26.80/ 5.0x1.0 Comparison of Mean flow velocity in rills is larger Wang
36.40/46.60 hydrodynamic than that in interrill areas. etal.,
parameters be- 2013
tween rill and in-
ter-rill flows
90 17.60/46.60 10.0x1.5 Rill morphology Rill morphology changes when Sheng
impacts on erosion  erosion patterns developed from etal.,
headward erosion to bank landslip. 2017

2 Materials and methods
2.1 Artificial rainfall experiments

Simulated rainfall experiments were conducted in the State Key Laboratory of Soil Erosion and
Dryland Farming on the Loess Plateau, Yangling, China in 2011. According to the previous
study (Zhou and Wang, 1987), the erosive storm rainfall standard (/) in the Loess Plateau is
1.52 mm-min . Hence, the artificial rainfall intensities were set at 90 mm-h! (Zy) and 120
mm-h™’ (1.3 ), with durations of 60 min and 45 min, respectively. The runoff and sediment
yield were comparable at the cumulative rainfall of 90 mm. Slope gradients were set at 17.60%,
26.80%, 36.40% and 46.60%. The experimental slope lengths were set at 5.0 m and 10.0 m.

2.2 Laboratory equipment

A down-flow multiple-intensity rainfall simulation system was used for all experiments with
an electronic central controller. The artificial rainfall simulator covers an area of 27 m x 18
m, with the height of 18 m to reach the final velocities of raindrops. Deionized water (4.81
uS-cm ') was used for all treatments to eliminate the impacts of water quality on infiltration
and soil erosion (Shainberg ef al., 1992; Kim and Miller, 1996).

Two types of steel boxes were used for experiments (Figure 1). The movable steel box
(Figrue 1a) is 5 m long, 1 m wide and 0.50 m deep, with adjustable slope gradients of
0-57.80%. The stationary steel box (Figure 1b) is tiltable but not movable, 10 m long, 1.5 m
wide and 0.5 m deep, with the adjustable slope gradients of 0-57.80%. Aluminum funnel
was set at the end of each box to collect the runoff and sediment samples.

2.3 Soil material

Experimental Anthrosol soil (locally known as Lou soil), typical soil in southern Loess Plateau
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(a) Moveable soil box with 5 m long, (b) Stationary soil box of 10 m long,
1.0 m wide and 0.5 m deep 1.5 m wide and 0.5 deep

Figure 1 Runoff plots in the laboratory experiments

of China, was sampled from barren farmland in the suburbs of Yangling National Agricul-
tural High-tech Industry Demonstration Zone, Shaanxi Province, China (Figure 2). The
Demonstration Zone was constructed in 1997 by the State Council of China. After 20 years
of development, it has become a modern agricultural scientific and technological innovation
center in arid and semi-arid areas. Anthrosol soil covers approximately 80% of the total area
in Yangling, hence was chosen as representative soils for this research.

99°E  102°E  105°E 108°E 111°E 114°E 117°E
z &
&, <+
<
4 } J g
g e =
3] N
s
& > ",»
z |G 2 g
o o
3} .
- e baNE
iy <
® Yangling (YL) -
z | — River \’\ é
2 122 Province A el
| Loess Plateau
DEM (m)
8305
H z
“ 264 s
o

99°E 102°E 105°E 108°E 111°E 114°E
Figure 2 Location of the soil sampling site

Yangling is located at the southern tip of the Loess Plateau, with its topography being
dominated by the Weihe River alluvial plain. The elevation ranges from 431 to 563 m above
sea level, high in the northwest and low in the southeast, forming three terraces due to ter-
rain drop. The investigation of erosion processes on Anhthrosol soil and its influencing fac-
tors has significant references for the sustainable development of agriculture in arid and
semi-arid areas of Northwest China. Anthrosol soil is rich with clay particles (approximately
26%; Table 2) in comparison with soils in other regions of the Loess Plateau. Before the ex-
periments, the prepared anthrosol soil was weighed to ensure the soil bulk density at 1.13
g-cm™, which is the same as the bulk density of the farmland soil on natural slopes.
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Table 2 Properties of the experimental anthrosol soil

Particle size distribution (%) Water

Soil CaCO3 TOC

type Clay Finesilt  Coarse silt Finesand  Coarse sand stablet (ekg ™) (%)
(<2um) (220 um) (20-50 pm) (50-250 um) (>250 um) ageregate

Anthrosol 26.06 36.55 27.92 4.25 5.22 6.40 9.30 0.60

2.4 Experimental setup and procedures

Calibrations were made to ensure the homogeneity of the artificial rainfall distribution with
the equitability at 90% and the deviation less than 5%. The two kinds of steel boxes were
filled from bottom to top. Firstly, a 10-cm layer of silver sand was put into the bottom of the
steel box to keep the test soil drainage conditions being close to the natural slope. Permeable fine
gauze was then laid above silver sand to separate the sand material from soil material. Af-
terwards the test soil was added to the steel box six times, with a 5-cm thickness each time.

2.5 Collection and measurement of runoff and sediment

The maximum surface flow velocity was measured by recording the flow time over 0.5 m
using potassium permanganate (KMnQ,) as a tracer. For the 5-m box, flow velocities were
cyclically measured for sites that are 1 m, 2 m, 3 m and 4 m from the top of the slope. For
the 10-m steel box, flow velocities were measured for sites that are 1 m, 3 m, S m, 7 m and 9
m from the top of the slope. Water temperature was measured using a thermometer. Runoff
samples were collected at 1 min intervals with 1.5 L cylinders. Sediment concentrations
were measured using the oven-drying method after the deposition of the runoff samples.

2.6 Data analyses

All statistical analyses were conducted using SPSS software (version 14.0). Analysis of
variance (ANOVA) was conducted to examine significant differences of sediment load, sediment
concentration and surface flow velocity (rill/interrill) in different erosion stages. The method
of the least significant difference (LSD) procedure was used for the multiple comparisons at
95% confidence level, and the Paired-samples Test was used for the two-group comparison.
The correlation analysis was conducted using the Pearson correlation method.

3 Results
3.1 Division of soil erosion processes

According to previous research on rill erosion processes (Merz and Bryan, 1993; Li et al.,
2006) and experimental observation, five stages are divided for erosion processes on slopes:
1) infiltration excess runoff stage (S;); 2) sheet erosion stage (Sy), occurring after the stable
runoff and before the initiation of knickpoint; 3) rill embryonic stage (Sy), occurring after
the initiation of knickpoint and before the initiation of rill network; 4) rill development stage
(S1v) when the rills rapidly developed; 5) rill adjustment stage (Svy), in which the lengths of
the rills did not change. The initial runoff time ranges between 0.97 and 1.87 min under all
treatments (Table 3). The duration of sheet erosion (Sy;) decreases with rising slope gradient.
Accordingly, the duration of the rill process increases with rising slope gradient, however,
the distributions of duration time in different rill stages (Sp, Siv, Sy) vary under
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Table 3 Initial time and duration time for soil erosion stages

Soill ero- Slope Slope Initial time (min) Duration time (min)
sion length (m) gradient ~ Rainfall intensity ~ Rainfall intensity ~ Rainfall intensity =~ Rainfall intensity
stages (%) (90 mm-h™) (120 mmh ™" (90 mmh™) (120 mmh™)

Si 5 17.60 1.80 1.13
26.80 1.87 0.97
36.40 1.83 1.18

46.60 1.30 -
10 17.60 1.53 1.15
26.80 1.53 1.42
36.40 1.20 1.05
46.60 1.38 1.02
Su 5 17.60 1.80 1.13 25.00 12.00
26.80 1.87 0.97 13.00 5.00
36.40 1.83 1.18 8.00 4.00

46.60 1.30 - 4.00 *
10 17.60 1.53 1.15 19.00 8.00
26.80 1.53 1.42 15.00 2.00
36.40 1.20 1.05 5.00 5.00
46.60 1.38 1.02 3.00 2.00
S 5 17.60 26.80 13.13 14.00 21.00
26.80 14.87 5.97 21.00 8.00
36.40 9.83 5.18 26.00 9.00

46.60 5.30 - 21.00 -
10 17.60 20.53 9.15 18.00 11.00
26.80 16.53 3.42 13.00 9.00
36.40 6.20 6.05 17.00 14.00
46.60 438 3.02 12.00 10.00
Siv 5 17.60 40.80 34.13 21.00 13.00
26.80 35.87 13.97 25.00 19.00
36.40 35.83 14.18 25.97 15.00

46.60 26.30 - 35.50 -
10 17.60 38.53 20.15 23.27 16.00
26.80 29.53 12.42 23.00 13.00
36.40 23.20 20.05 21.00 15.00
46.60 16.38 13.02 25.00 16.00

Sy 5 17.60 - - - -
26.80 - 32.97 - 14.00
36.40 - 29.18 - 17.95

46.60 - - - -
10 17.60 - 36.15 - 10.98
26.80 52.53 25.42 9.82 21.07
36.40 44.20 35.05 17.40 12.08
46.60 41.38 29.02 20.42 18.11

Note: — means no data recorded

various treatments. In general, Syy is longer than Sy on 5 m slopes in two rainfall intensities
(except 17.60% slope in 120 mm-h™"). For 10 m slopes, Sy is only observed longer than Sy
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and Sy in 90 mm-h™".

3.2 Sediment yield in different
stages

The total sediment yield shows in-
creasing trend with slope length,
ranging from 36.74-74.55 kg on 5
m slope to 26.90-253.41 kg on 10
m slope (Figure 3). Sediment yield
contribution in sheet erosion (Sy)
ranges from 4.30% to 45.40% in all
treatments, averaging at 17.40%
(Figure 4). Slope gradient has im-
pacts on the sediment yield contri-
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Figure 3 Total sediment yield under different experimental
conditions (L is slope length; Ri is rainfall intensity)

bution in Sy, resulting in the sharp reduction of sheet erosion contribution from the gentler
slope (17.60% slope and 26.80% slope) to the steeper slope (36.40% slope and 46.60%
slope). The average decreasing rate ranges at approximately 56.30% to 75.60% on 5 m slope
and 15.90% to 77.00% on 10 m slope, respectively.
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Figure 4 Contribution of sediment yield in different erosion stages

Besides, the results suggest that sediment yield primarily sources from rill erosion (more
than 54.60% and up to 95.70%). This result is consistent with previous findings on the Loess
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Plateau (Cai, 1998; He et al., 2014; He et al., 2016). Specifically, in this study, sediment
yield is dominated by Sy, contributing from 22.20% to 64.50% with average value at
40.10%. The contribution of sediment yield in S;y in 46.60% slope is the highest, ranging
from 37.80% to 64.50%, averaging at 51.9%. As shown in Figure 5, sediment loads are the
highest in Sy among most of the treatments, ranging at 0.03-0.49 kg'min "-m *.
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Figure 5 Sediment load in different erosion stages. Different capital letters (A—D) indicate significant difference
(P < 0.05) in sediment load between different slopes in the same erosion stage. Different lower cases (a—d) indi-
cate significant difference (P < 0.05) in sediment load among different erosion stages on the same slope.

3.3 Variation of sediment concentration in runoff plot

The instant sediment concentration is very high when runoff stars, which could reach
620-640 kg'm™, due to the large amount of isolated soil particles on the slope under
experimental conditions (Figure 6). After that, the average sediment concentration decreases
sharply in the sheet flow stage (Sy), and increases gently in the following stages with rill
development. The average sediment concentration in Sy ranges from 30—143 kg'm > in 90
mm-h™ rainfall to 63-211 kg'm° in 120 mm-h ™' rainfall, respectively. The average sediment
concentration in Sy continues to increase with rising slope gradient in 120 mm-h ™' rainfall.
The average sediment concentration also changes in different stages of the rill processes,
with higher values (ranging at 21-290 kg'm °) in S;y in comparison with other 2 stages of
rill processes (Sy; and Sy) among all treatments. Generally, the highest value of the average
sediment concentration in Sy is approximately 28.20% lower than that in Syy.
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Figure 6 Sediment concentration in different erosion stages. Different capital letters (A—D) indicate significant
difference (P < 0.05) in sediment concentration between different slopes in the same erosion stage. Different
lower cases (a—d) indicate significant difference (P < 0.05) in sediment concentration among different erosion
stages on the same slope

3.4 Flow velocity in runoff plot

As shown in Table 4, the average surface interrill flow velocity in Sy, Sy, Sy, and Sy ranges

between 0.18— 0.45 m's ', 0.22-0.38 m's ', 0.18-0.31 m's ' and 0.19-0.34 m's', respectively.

The average surface rill flow velocity in Sy, S;y and Sy ranges at 0.18-0.35 m‘s_l, 0.18-0.33
1 1 i

m-s  and 0.23-0.43 m's ', respectively.

4 Discussion
4.1 Statistical differences of variables along erosion stages

In this article, sediment load and flow velocity changing with erosion stages are specifically
focused on.

4.1.1 Sediment load difference

As shown in Figure 5, there are significant differences for sediment loads among erosion
stages for most treatments. Sediment load has significant (P < 0.05) difference in Sy; and Sy,
Sy and Syv under 13 treatments, in Sy and Syv under 11 out of 15 treatments, and in S;y and
Sy under 6 out of 9 treatments. The differences among sediment concentrations are less than
those of sediment loads (Figure 6), with 8 treatments being significantly different in Sy; and
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Sy, 11 treatments being significantly different in Sy and Syy, 12 treatments in Sy and Spy out
of 15 total treatments, and 5 treatments in S;yv and Sy out of 9 total treatments.

Table 4 Surface flow velocity in different erosion stages

Rainfall Slope Slope Average surface flow velocity (m's™)
intensity length gradient
(mm.hfl) (m) (%) 1 Su S Siv Sv
90 5 17.60 0.2740.01%  0.2240.01* 0.22+0.01""
(interrill) 26,80 0.3240.02%  0.2240.01" 0.1940.014%
36.40 0.27£0.02%  0.2740.01%" 0.2940.025
46.60 0.334£0.02%  0.30+0.01% 0.3140.015
5 17.60 0.18+0.01*  0.25+0.01*
(rill) 26.80 0.18+0.0148 0.18+0.01%
36.40 0.2040.035 0.28+0.014
46.60 0.2340.02¢% 0.23+0.01¢
10 (in- 17.60 0.33+0.02*  0.31+0.02"* 0.3140.01"
terrill) 26.80 0.3340.02**  0.38+0.01%" 0.3140.01" 0.3440.014**
36.40 0.25+£0.0345%®  0.31£0.04* 0.2440.015* 0.19+£0.01%*
46.60 0.184+0.02%  0.334+0.01*®  0.314+0.01*" 0.34+0.01"
10 17.60 0.331£0.054* 0.20+0.02"%
(rill) 26.80 0.26+0.015 0.2740.015 0.38+0.014%
36.40 0.294£0.01°*  0.26+£0.025" 0.24+£0.015S
46.60 0.2740.015¢%  0.22+0.014 0.23+0.015
120 5 17.60 0.26£0.01°“*  024£0.014* 0.1840.014"
(interrill)  26.80 031£0.01%  02340.01"  0.25+0.014% 0.27+0.01°
36.40 0.2940.035¢*  0.2240.01* 0.2440.09 0.22+0.05"
46.60
5 (rill) 17.60 0.23£0.024 0.2040.024*
26.80 0.23+0.014* 0.2940.025 0.26+0.02%
36.40 0.18+0.01% 0.31£0.025 0.26£0.014
46.60
10 (in- 17.60 0.340.02  0.29+0.024" 0.2740.02° 0.310.04%%
terrill) 26.80 0.3940.038  0.35+0.01°%  0.2740.02 0.22-40.01%
36.40 0.45+0.02%  0.374+0.025* 0.28+0.034* 0.250.03ABb<*
46.60 0.40£0.045*  0.3540.01*%"  0.194£0.01*" 0.19+£0.01%*
10 (rill) 17.60 0.35+£0.01%" 0.3340.014% 0.304+0.034*
26.80 0.18+0.004%%  0.2240.01%* 0.43£0.025S
36.40 0.1940.025 0.29+0.01%* 0.26+0.02"%
46.60 0.19+0.025%  0.30+£0.02%* 0.23+0.014

Note: Values for the same treatment in different erosion stages followed by the same lowercase, values for dif-
ferent slope gradients under the same slope length and rainfall intensity followed by the same capital letter and values
with the same styles of other symbles (# or $) for interrill and rill flows are not significantly different at P < 0.05.

Sediment load has a gentle increasing trend with erosion process until S;y, and then shows
a slight decreasing trend in Sv, concentrating in Sy and Spy. Sediment load in Spy is
0.93-2.30, 0.95-1.33 and 1.00-3.90 times of that in Sy, Sy and Sv stages, respectively. In
Sy, both sediment load and sediment concentration are low due to the limited transport
capacity of shallow interrill flow (Kinnell, 2005). The increase of sediment loads in Sy, Spy
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and Sy is mainly due to the transportation of particles eroded from both interrill and rills
during these stages (Wirtz et al., 2012). Sediment concentration has a significant linear
correlation with flow discharge rate in Sy and Syy (Table 5). In Sy, sediment load increases
when the thin sheet flow become concentrated flow and knickpoints occur (He et al., 2014).
In Sy, sediment load increases with the rill downward cutting and headcut incisions and
rising in rill width, depth and length (He ef al., 2016; Sheng et al., 2017). These results are

Table 5 Coefficients of Pearson correlation among variables in the different erosion stages
Sie R Se S Far S Fyi Fu

S (m) (b ©) (kgmin'n?)  (@min)  kgm’)  (ms)  (ms)
Sie 1 -

R; 0.000 1

S, 0.031 0.017 1

Si -0.203* 0.527** 0.436** 1

Fa 0.908** 0.231* 0.121 0.025 1

S. -0.205% 0.166 0.326** 0.653%* -0.081 1

F —0.295%* 0.109 0.047 -0.083 0.266** —0.193** 1

S Sie R; S, S Far Se F.i Fur
Ste 1

R; 0.147* 1

Se -0.02 —0.204** 1

S| 0.172%* 0.505%* 0.452%** 1

Fy 0.937** 0.394%** -0.097 0.252%%* 1

Sc 0.134* 0.319%* 0.551** 0.953** 0.145* 1

F. 0.665*%* 0.184** 0.039 0.128 0.656%* 0.064 1

Fo: 0.491** -0.089 —0.169%** 00.228%* 0.421%* —0.243%* 0.174%** 1

Siv Sk R S. Si Fo Se Fy Fyr
Sie 1

R; 0.118* 1

S, -0.017 -0.128* 1

Si 0.101 0.619*%* 0.415%* 1

Fa 0.921** 0.339%* —0.133%* 0.191** 1

Se 0.121* 0.585%* 0.312%** 0.845%* 0.185** 1

F.i 0.171** —0.259%* 0.156** —0.159%** 0.152** -0.140* 1

For 0.131* 0.308** 0.108 0.249%* 0.194** 0.390** 0.010 1

Sv Sie R; S, S Fa S F.; F.:
Ste 1

R; —0.390%** 1

Se 0.147 —0.365%* 1

S| -0.196* 0.814%* -0.155 1

Fy 0.574%** 0.345%* —0.500%* 0.393*%* 1

Se -0.171* 0.471%* 0.411%* 0.752%*%* -0.115 1

F. 0.120 —0.352%* —0.086 —0.543%* —0.190* —0.445%* 1

Fo: 0.188* 0.191* —0.543** 0.148 0.538*8 —0.246** -0.054 1

Note: ** Correlation is significant at 0.01 level (2-tailed); * Correlation is significant at 0.05 level (2—tailed). S is
slope length, R; is rainfall intensity, S, is sloe gradient, S, is sediment load, Fy is flow discharge rate, S. is sediment
concentration, F,; is surface flow velocity in interill flow, F,, is surface flow velocity in rills.
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consistent with previous investigations (Slattery and Bryan, 1992; Berger et al., 2010; Wirtz
et al., 2012). Bryan and Poesen (1989) indicated that the increase of percolation in rills may
reduce the discharge in the downward channels and result in the increase of sediment
concentration in rills. Thus, both sediment load and sediment concentration decrease slightly
due to the detachment-limiting and transport-limiting regimes in Sy (Polyakov and Nearing,
2003; Yan et al., 2008). Bruno et al. (2008) also indicated that flow in the terminal part of
the rill could only transport the upstream sediment particles without detaching additional
material. In Sy, the numbers and morphology (length, width and density) of rills become
stable (Wang et al., 2014a), which means fewer particles are eroded from the wetted
perimeters of rills. Non-significant linear relationship between sediment concentration and
flow discharge rate in Sy (Table 5) also suggests that fewer particles are detached by
concentrated flow in this stage. In addition, the increasing roughness in the rill bed may re-
sult in deposition and increasing Darcy-Weisbach friction coefficient (Wang et al., 2014a),
which may decrease the sediment transportation energy in Sy or even result in sediment
deposition.

4.1.2 Flow velocity difference

Hydraulic situations have significant impacts on erosive forces, and can even modify surface
roughness (Bryan, 2000). Additionally, soil detachment, transport capacity and deposition
processes are mainly impacted by flow velocity (Lei et al., 2002). The surface interrill flow
velocity shows a significant (P < 0.05) difference in Sy and Sy; under 6 treatments, in Sy and
Siv under 9 treatments, in Sy and Syy under 5 out of 15 treatments. There are no significant
differences among surface interrill flow velocities in Spy and Sy. The average surface rill
flow velocity shows a significant difference in Sy and Sy under 8 out of 15 treatments, and
in Spy and Sy under 4 out of 9 treatments. Inconsistent findings are reported for the hydraulic
parameters under different experiments. For example, significant differences among
hydraulic and sediment transport conditions were found during the transition from interrill to
rill erosion by some previous experiments (Slattery and Bryan, 1992; Merritt 1984). Bryan
(1990) suggested Froude Number as a critical hydraulic parameter for rill incisions. In
contrast, Torri et al. (1987) reported that Froude Number could not be distinguished between
interrill flow and rill flow. Slattery and Bryan (1992) also indicated that no single threshold
value was identified between interrill and rill flows.

In this investigation, the average surface interrill flow velocity either does not change
significantly or shows slight decreasing trend along erosion stages until S;y, and becomes
stable in Sv. Sediment concentration shows a significantly negative linear relationship with
surface interrill flow velocity in Sy, S;v and Sy (Table 5).

The average surface rill flow velocity fluctuates among erosion processes. Surface flow
velocity in rills shows significant negative correlations with sediment concentration in Sy
and Sy, and significant positive linear correlations with sediment concentration in Syy (Table 6).
Slattery and Bryan (1992) suggested non-linear relationships between sediment discharge
and flow hydraulic conditions in rill channels (Froude number, shear velocity and stream
power) in their experiments.

The surface interrill flow velocity is significantly different from surface rill flow velocity
in Sy under 10 treatments, in Sy under 5 treatments out of 15 treatments, and in Sy under 5
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out of total 9 treatments. Surface rill flow velocity is slightly lower than that of surface
interrrill flow velocity. Merritt (1984) indicated that flow velocity would decrease when
flow is concentrated into small rills. Also, Bryan (2000) suggested that concentrated flow
would decrease Froude Numbers by increasing flow depth. It is noticeable that both interrill
flow and rill flow contribute to the changes of the outlet sediment load and sediment
concentration, which cause the situation to become more complex in this study. Moreover, as
surface flow velocity varies along slope length with rainfall duration (Lei et al., 2002; Wang
et al., 2013), the selected surface flow velocity at one site (1 m above the outlet) may also
affect the findings.

4.2 TImpacts of rainfall on sediment load

It is well recognized that the rainfall energy has significant impacts on soil erosion, hence
rainfall erosivity has been adopted as a dominant parameter in most soil erosion models
(Bryan 2000; Sun et al., 2013). In this study, rainfall intensity could increase the sediment
yield, ranging from 36.74-54.81 kg (5 m slope) and 26.90-181.08 kg (10 m slope) in 90
mmh™' to 32.47-74.55 kg (5 m slope) and 147.73-253.41 kg (10 m slope) in 120 mm-h™
(Figure 3). Total sediment yield in 120 mmh ' becomes 0.80-9.40 times of that in 90
mm-h ™. Compared to 90 mm-h ™' condition, sediment load and sediment concentration in
120 mm-h™ are 0.90-2.80 and 0.80—1.00 times in Si1, 0.90-13.00 and 0.70-10.50 times in
Sir, 1.10-16.30 and 0.70-12.00 times in S;v and 1.40-11.30 and 0.90-9.10 times in Sy,
respectively. These results are also consistent with those from Shen et al. (2016), who
indicated that rill erosion rates increase by 56.30%—79.20% and 35.50%—65.10% on loess
slopes when rainfall intensity increase from 50-75 mmh™' and from 75-100 mmh’,
respectively. Soil erosivity is considered to be dependent on several rainfall characteristics,
including total amount, rates of rainfall and rain drop velocity (Sun et al., 2013; Nearing et
al., 2017). Tt is commonly accepted that both sediment detachment and transport are
depending on energy consumption (Wang et al., 2014b; Shen et al., 2016). In this study, the
total rainfall amount for all treatments is kept the same at 90 mm and raindrop radius is also
controlled to be constant. Thus, a higher rainfall intensity would correspond to a higher
rainfall energy, which would result in higher flow discharge rate (Table 5) and higher stream
power to affect the sediment detachment and transport capacity with higher sediment
concentration and sediment load (Wang 1998; Wang et al., 2014a).

Sediment load has a significant (p < 0.01) linear relationship with rainfall intensity in Sy
(Table 5). However, no significant linear relationship is observed between flow discharge
rate and sediment load in this stage (Table 5). Sediment concentration has no significant
linear correlations with rainfall intensity and flow discharge rate in S;;. Sediment load and
sediment concentration are lower in Sy due to several reasons. Firstly, Sy belongs to the
raindrop-impact-induced erosion process and is mainly resulted from raindrop detachment
(Kinnell, 2005). Secondly, little entrainment capacity is found in shallow interrill flow and
discrete pondings would decrease splash entrainment in rianflow (Bryan, 2000). Lastly,
water depth would also affect raindrop detachment, with the highest capacity when water
depth is equal to the median raindrop diameter (Mutchler and Larson, 1971).

Previous investigations indicated that rill erosion is dominated by concentrated flow
(Yang et al., 2006; Govers et al., 2007). Sediment loads in the processes Sy, S;v and Sy
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have a significant (p < 0.01) relationship with both rainfall intensity and flow discharge rate
in this investigation (Table 5), due to the consideration of both interrill and rill contributions
when calculating the sediment loads in these processes. On most slopes, rain splash would
interact with overland flow and has significant impacts on soil erosion processes by
modifying flow hydraulics (Bryan, 2000). There are several ways for raindrops to affect
runoff by inputting dynamics energy, disturbing flow pattern, and changing flow resistance
(Sun et al., 2013). As shown in Table 5, flow discharge rate shows a significantly positive
linear correlation with rainfall intensity in all erosion stages, with higher coefficients after
rills. Both increase in the raindrop energy and concentrated flow energy would lead to a
higher impacts of rainfall intensity on sediment load and sediment concentration during rill
stages (Syy, Siv and Sy).

4.3 TImpacts of slope gradient on sediment load

As shown in Figure 5, sediment load and sediment concentration in all stages show less
significant differences on shorter slope (5 m) and lower rainfall intensity (90 mm-h™"). The
ratios of both average sediment load and average sediment concentration on 10 m slopes to
those on 5 m slopes (in all stages) show an increasing trend with slope gradient in 90 mm-h ™'
and a decreasing trend with slope gradient in 120 mm-h™'. These results suggest that both
slope length and rainfall intensity increase the impacts of slope gradient on soil erosion,
which is consistent with Assouline and Ben-Hur (2006) who indicated that the slope effects
are more obvious for higher rainfall intensity. Flow velocities (interrill/rill) at the site of 1 m
above the outlet do not show much significant differences on slopes with different gradients.
Runoff velocity is considered to be the determining factor without consideration of slope
gradient, however, no obvious correlation between flow velocity and soil loss is found
during rill erosion (Moss 1988; Govers, 1992; Fox and Bryan, 1999).

Loads of investigations have reported the increase of soil loss with rising slope gradient
(Wang 1998; Berger et al., 2010). He et al. (2016) also indicated that rill morphology (rill
depth, length and width-depth ratio) would change with slope gradient to increase sediment
yield in rills. In this study, fluctuations are present for the sediment load and sediment
concentration in response to slope gradient, with the lowest average sediment load and
average sediment concentration being observed for treatments in 90 mm-h™' and a special
slope of 26.80%. When rills occur (Sy;, Siv and Sy), there is a decreasing trend on 46.60%
slopes (10 m) in 90 mmh™' and on 36.40% slopes in 120 mm-h™' for both average sediment
load and sediment concentration. On the mild slopes (26.80% and 36.40%), the sediment
load (or sediment concentration) convex is mainly due to the influence of soil crust with rill
developing (Fang et al., 2014). For steeper slopes (46.60%), the decreased sediment load
and sediment concentration may be resulted from the threshold functions of slope gradient
(McCool et al., 1987; Sun et al., 2013). From the current results, it can be concluded that
soil erosion would be the lowest on slopes between 26.80% and 36.40%, which is consistent
with previous results (Berger et al., 2010; He et al., 2016).

Slope gradient has significant impacts on soil erosion in different ways, including altering
infiltration rate, runoff hydraulic conditions and surface roughness (Govers, 1991; Kinnell
2000; Berger et al., 2010; Fang et al., 2014). However, contradictory results have been
reported, for example, with both positive and negative effects of slope gradient on splash
detachment and infiltration rates (Fang et al., 2014; Fox and Bryan, 2000). These conflicting
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results may be due to the complexity of erosion processes being influenced by other factors,
such as slope length, rainfall characteristics and soil properties.

As shown in Table 5, both sediment load and sediment concentration show a significant
negative correlation with slope length and a significant positive correlation with slope
gradient in Sy and Sy. Sediment load and sediment concentration show a positive linear
correlation with slope length and slope gradient in Sy and Spy. Normally, power function
models are used to predict soil loss with increasing slope gradient, such as Universal Soil
Loss Equation (USLE), with a power index between 1 to 2 or even higher than 2 (Fox and
Bryan, 2000; Sun et al., 2013). However, linear or less linear relationship between soil loss
and slope gradient was also found on short slopes or slopes of low inclination, and this
relationship is considered better to describe soil loss changing with slope gradient due to the
reported over-prediction of interrill erosion by using the power function models (Meyer and
Harmon, 1989; Huang and Bradford, 1993; Fox and Bryan, 2000).

5 Conclusions

The erosion processes are divided into five stages to quantify sediment load changes with
erosion processes. The five erosion stages are infiltration excess runoff stage (S), sheet
erosion stage (Sy), rill embryonic stage (Sp), rill development stage (Spy), and rill
adjustment stage (Sy). Sediment yield is mainly sourced from rill erosion and dominated in
Siv. Both sediment load and sediment concentration show significant differences with
erosion stages in most treatments. There is an increasing trend of sediment load and
sediment concentration along stages Sy to Spy, due to the higher detachment capacity by
concentrated flow and contribution of both interrill flow and rill flow after rills.
Detachment-limiting and transport-limiting regimes result in the slight decreasing trend of
sediment load in stage Sy. Moreover, both sediment load and sediment concentration
fluctuate along the rising of slope gradients with an increasing trend, demonstrating the
lowest values on slopes of 26.80% and 36.40%, respectively, among different treatments.
Rainfall intensity also increases sediment load along erosion stages and enhances the
influences of slope gradient. Maximum surface flow velocities (interrill and rill) show less
significant differences along erosion stages and slope gradients, which may be attributed to
the neglect of flow velocity changing along the slope length by calculating flow velocities at
one site (1 m above the outlet). Hence, the flow hydraulic conditions changing with slope
length and rainfall duration should be further investigated. Findings from this study are
important for better understanding of hillslope erosion mechanisms and improving the soil
erosion modeling, by considering the variations of parameters along erosion stages on
hillslope.
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