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Abstract: Slope length is an important topographic factor for controlling soil erosion. There exists
limited knowledge of the interactions of slope length, vegetation restoration, and rainfall intensity
on soil erosion. This study investigated the impact of the slope length on soil erosion for different
grass coverages and different rainfall intensities via simulated rainfall experiments. The experiments
included five rainfall intensity treatments (1, 1.5, 2, 2.5, and 3 mm min~1), four grass cover treatments
(0%, 30%, 60%, and 90%), and five slope length treatments (2, 4, 6, 8, and 10 m). The change process
of soil loss was significantly different (p < 0.05) for different slope lengths. The trend of soil loss
changing with slope length is: under a grass cover of 0 or 30%, the soil erosion increased exponentially
with increasing slope length. However, under a grass cover of 60%, the soil erosion rate peaked at a
slope length of 8 m, and under a grass cover of 90%, the soil erosion rate peaked at a slope length
of 6 m. At rainfall intensities of 1.5-2 mm min !, the overall soil erosion amount was small. The
soil loss increased drastically with slope length when the rainfall intensity exceeded 2 mm min~?.
Compared with a slope length of 2 m, longer slope lengths increased the erosion rate by 225-930%
under different grass coverages treatments. Regression analysis showed that grass cover and rainfall
intensity change the trend of erosion with slope length, and the negative effect of slope length on
erosion is strengthened with the increase of grass cover, while this negative effect gradually weakens
with the increase of rainfall intensity.

Keywords: slope length; grass cover; simulated rainfall; soil loss; Loess Plateau

1. Introduction

Soil erosion is a form of soil degradation that severely threatens the sustainable
development of ecosystems worldwide. It destroys the soil structure and causes a decline
of soil fertility and ground surface fragmentation, which is closely related to water pollution
and the sedimentation of rivers and reservoirs [1]. Many factors affect soil erosion, such
as rainfall characteristics, ground cover, ground morphology, and soil characteristics [2].
Therefore, it is essential to investigate the underlying mechanism and control factors of soil
erosion processes under multifactor interaction to improve erosion management, mitigate
land degradation, and promote the sustainability of land-water ecosystems.

Hillslopes are an important source of erodible sediment. The contribution of erosion
in sloping farmlands to soil loss may reach 60% in the heavily eroded Loess Plateau [3].
The Chinese government encourages the conversion of sloped arable land into grassland,
bush, or forests through the implementation of the Project of Returning Farmland to
Forest and Grass [4]. This project aims to protect soil and water resources and restore
already damaged areas [5]. The role of vegetation for controlling soil erosion has received
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widespread attention [6,7]. The interception of the vegetation canopy decreases the final
velocity and the number of raindrops that reach the soil surface [8]. The vegetation litter
increases the roughness of the slope surface and decreases the flow velocity [9]. The roots
of the vegetation improve soil parameters, such as soil porosity, bulk density, and organic
matter content [10]. Consequently, they increase the soil infiltration volume and infiltration
depth [11]. Roots also enhance the water-stable aggregate content and the network bonding
of the root system increases the erosion resistance of the soil [12]. Soil erosion decreases
with coverage rates following a linear or exponential function; however, when the coverage
rate reaches a certain level (i.e., the threshold), the effects of the vegetation toward reducing
soil erosion remain stable [13,14]. However, increased vegetation coverage (especially in
artificial forests and grasslands that have previously been farmland) has increased the
soil moisture and triggered the emergence of dry soil layers [15]. Feng et al. evaluated
the vegetation capacity threshold for the Loess Plateau and found that the vegetation
approached sustainable water resource limitation [16]. Therefore, analyzing the control
effects of different vegetation coverages on soil erosion is very important for the regional
vegetation restoration strategy.

The active global hydrological cycle has aggravated soil erosion caused by runoff [17],
and the water erosion across large areas of the world is caused by strong or extreme rainfall
events [7]. The impact of rainfall on soil erosion mainly manifests in four aspects. The first
aspect is the splashing of soil particles by rainfall, which promotes soil erosion [18]. The sec-
ond aspect is that rainfall characteristics control both the generation and amount of runoff
on slopes [19]. The third aspect is that the impact of raindrops increases the turbulence of
runoff and enhances its sediment transport capacity [20]. The fourth aspect is that rainfall
intensity impacts the surface soil structure, which in turn affects both slope infiltration and
runoff [16]. Rachman et al. suggested that rainfall intensity severely affected runoff and
soil erosion processes, and a rainfall intensity of 1-2 mm min~! could cause runoff, while a
rainfall intensity above 2 mm min~! causes flooding in arid environments [21]. Wu et al.
investigated soil erosion under four erosion degrees and found that soil properties, rainfall
intensity, and rainfall duration control both the erosion process and sediment delivery [22].

The slope length is an important topographic factor that affects erosion and sediment
transport [23]. It determines the changes along the slope water flow energy by changing
the rain-receiving area, which in turn, affects the movements of water and sediment. There
are currently three different views on the effect of slope length on erosion. The first view
implies that the sediment content in the runoff increases with slope length, and the flow
energy is mostly consumed by sediment carrying, which weakens erosion [24]. The second
view implies that as the water depth gradually increases (from uphill to downhill), erosion
increases correspondingly [25]. The third view implies that the amount of erosion changes
as a wave with increasing slope length [26]. Bagarello and Ferro analyzed natural rainfall
data in natural plots and showed that for slope lengths ranging within 11-33 m, the erosion
modulus of the inter rill erosion was proportional to the power of the slope length [27].
Liu et al. showed that the soil loss of forest, shrub, and grass-covered slopes decreased
with increasing slope length, and short slopes responded quicker to this change [28].
Smets et al. found that variability in the effectiveness of different surface covers (rock
debris, organic cover, and vegetation cover) in reducing runoff and erosion was strongly
correlated with slope length. For slopes less than 11 m, the effectiveness of surface cover
in reducing erosion varied considerably. However, as slope length increases (up to 50 m),
this variability decreases and surface cover of rock debris, organic mulch and vegetation
becomes more effective in reducing soil loss due to water erosion. A possible reason for
this is that vegetation reduces soil erodibility and increases critical shear stress [29]. Due to
the influences imposed by topography, vegetation coverage, rainfall intensity, and other
relevant factors, different experiments may find different results, which complicates the
identification of the relationship between slope length and erosion intensity. The above-
reviewed studies that investigated soil erosion in response to vegetation coverage, rainfall
intensity, and slope length were mostly at the small watershed scale. This reflects the pooled
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effects of vegetation restoration, which drives erosion and sediment changes; however,
the process and dynamic mechanism underlying the influence of vegetation restoration
on soil erosion has not received much attention. In the context of ecological restoration of
vegetation and increasing prevalence of extreme rainfall events, the interactions of slope
length, vegetation restoration, and rainfall intensity on soil erosion have not been reported
to date. To fill these gaps, this study addressed the effect of slope length on soil erosion with
different vegetation coverages and rainfall intensities under extreme rainfall events under
the background of vegetation restoration. The specific objectives were to: (1) investigate
the impact of slope length on soil loss, (2) identify the changes of these effects with grass
coverage and rainfall intensity, and (3) quantify the relationship of soil loss with slope
length, grass cover, and rainfall intensity.

2. Materials and Methods
2.1. Study Area

The experiment was conducted in the Luoyugou watershed (34°34'-34°40' N, 105°30’-
105°40" E; 1199.8-1896.9 m elevation), which is a typical region in western China (Figure 1).
The density of the gully was 3.54 km/km? and the average slope was 18° [30]. The
annual average temperature in this region ranges between 7-11 °C. The annual average
precipitation is about 533.7 mm, about 80% of which occur between May and October [31].
In this area, precipitation is predominantly classified as heavy rain, which occurs over
a small area, characterized by short duration and high intensity. The main types of soil
in the study area are cinnamon soil, black loess soil, and red clay. The soil in the study
area has poor resistance to soil erosion and is readily broken. The average annual erosion
modulus in the study area is 5510 t km~2 a1 [30,31]. The agricultural land accounts for
55.0% of the total area of Luoyugou watershed, natural vegetation is poor, coverage is about
30.0%. The main crops are wheat, corn, yams, etc. [30]. The arbors in the watershed are all
artificial vegetation, and the shrubs are all-natural growth. There are more than 230 species
of 49 families of higher plants in the watershed, among which arbors trees mainly include
silver poplar (Pop-ulus olba), dry willow (Salix malsuclama Roidz), white elm (Uemus Pumila),
acacia (Ro-binia pseudoacacia), toon (Toona sinensis Roem), and 39 other species. 19 species
of shrubs mainly including wolfsbane (Sophora viciifolia Honce), purple-fringed locust
(Amorpha fruticosa), and pepper (Zanthoxyhum bungeanum Maxim). There are 172 species of
her-baceous plants in the legume family, such as alfalfa (Medicago sativa), grass miscanthus
(Meli sucuealens Ledeb), lychee (Aeeuro lopidium clasy), white grass (Bothriochia ischaemuim)
and artemisia [30,31]. Due to the destruction of artificial logging and overgrazing, a large
area of barren slope has been formed and cultivated by rotation, and the vegetation is
decreasing year by year.

After an in-situ investigation and comparison, 10 experimental plots were selected on
the hillslope of a natural wasteland (tillage had been abandoned for 20 years) in the lower
reaches of the Luoyugou watershed. The hillslope of the plots was 15° and the elevation
was 1500 m. The plots were 10 m long and 2 m wide. The natural vegetation consists
of grasses, mainly Coronilla varia L. and Eriophorum comosum Nees. The management of
these plots continued throughout the life cycle of the vegetation. Two plots were kept bare,
three plots were transformed to high-cover grassland by regular watering, and three plots
were transformed to low-cover grassland by daily pruning. Two further untreated plots
reflected the natural restoration of the hillslope. The experiment was conducted from June
to September 2017, 2018 and 2019. Table 1 describes the vegetation status of the study area.
Table 2 describes soil physical properties of experimental plots.
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Figure 1. Location of the study area.

Table 1. Basic description of the experimental plots.

Grass

Slope

Root Characteristics at the Soil

Covers (%) Aspect ) Samples Main Plant Type Canopy Characteristics Depth of 0-100 cm
0 90°
H(EN): 12,5 + 0.4 cm; H(CV): I&flj)o 2561'16; 1L(2C°\r;)‘
30 90° 3:20cm x 20 cm EN:CV =73 20.3 + 0.5 cm; Biomass: N . .
1423 + 0.52 g/mz 725+ 3.5cm,dia7.3 £ 2.1 mm;
. : Biomass: 28.74 +1.45 g/ m2
H(EN): 12.2 + 0.6 cm; H(CV): Eg?j)o %zrii i(6CC\I/I)l
60 90° 3:20 cm x 20 cm EN:CV = 65:35 21.5 + 0.8 cm; o :
Biomass: 87.26 4+ 112 ¢ /m> 69.3 £ 5.4 cm, dia 6.8 + 2.5 mm;
T it Biomass: 170.43 4 7.86 g/m?
H(EN): 12.8 + 0.7 cm; H(CV): (Liglj)o iﬁi i?cc\‘,‘)‘
90 90° 3:20 cm x 20 cm EN:CV =73 19.6 &+ 0.8 cm; Biomass: ) ’ .

165.68 + 1.22 g/m?

80.3 £ 6.2 cm, dia 7.1 & 2.6 mm;
Biomass: 325.43 =+ 10.23 g/m?

Note: Date represent means and standard deviation (S.D.). EN: Eriophorum comosum Nees, CV: Coronilla varia Linn,
H: height, L: length, dia: diameter.
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Table 2. The soil physical properties of experimental plots.

Grass Slope Pre-Rainfall Soil Bulk Soil Void Particle Size
Covers (%) Length (m) Soil Water Density/(g-cm—3) Ratio Sand (%) Silt (%) Clay (%)

Content/% (0.02-2 mm) (0.002-0.02 mm) (<0.002 mm)

2 20.82 + 0.56 144 £0.15 0.86 9.21+0.23 68.18 £ 3.17 22,61 +2.18

4 20.04 + 0.44 143 £0.21 0.88 9.14 +0.25 68.27 £ 2.68 22.59 + 2.64

0 6 19.57 £ 0.52 141 +0.18 0.88 9.16 + 0.13 68.06 £ 2.75 22.78 £2.12
8 19.88 + 0.47 143 +0.16 0.89 9.12 +0.18 68.12 £3.16 22.76 +2.23

10 2041 £ 0.61 141 £018 0.88 9.23 +0.16 68.09 & 3.24 22.68 + 2.31

2 19.33 £ 0.78 1.38 +0.24 0.95 9.45 +0.15 70.83 £2.13 19.72 £2.79

4 20.14 £ 0.86 1.37 £0.25 0.97 9.42 +0.21 70.94 £2.13 19.64 £ 2.66

30 6 19.26 + 0.87 1.37 £0.21 0.98 9.37 +£0.16 70.77 £2.13 19.86 £ 2.73
8 19.35 £ 0.86 1.36 £0.18 0.97 9.38 +0.18 70.86 +2.13 19.76 + 2.83

10 19.63 + 0.75 1.37 £ 031 0.96 9.41+0.23 70.93 £2.13 19.66 £ 2.72

2 19.71 + 1.04 1.34 +0.33 1.02 11.06 £ 0.19 69.84 £2.75 19.10 £ 4.20

4 20.38 + 0.94 1.33 £ 0.35 1.03 11.36 £ 0.21 69.97 £ 2.64 18.67 £ 4.25

60 6 20.25 +1.01 132 +0.28 1.03 1112 £ 0.24 69.96 + 2.68 18.92 £ 4.31
8 2049 + 1.04 1.35 £ 0.36 1.04 1123 £0.15 69.94 + 2.87 18.83 £ 4.35

10 20.37 + 1.02 1.34 +0.32 1.03 1115+ 0.18 69.86 £ 2.72 18.99 + 4.27

2 19.88 + 0.77 1.30 £ 0.21 1.04 9.43 +0.22 71.23 £2.55 19.34 £2.75

4 20.13 £ 0.79 1314022 1.03 9.12 £0.23 71.45 £ 2.64 19.43 £2.73

90 6 20.54 % 0.76 1.32£0.27 1.05 9.05 +0.28 71.31 £ 2.61 19.64 + 2.68
8 20.03 + 0.88 1.31 +0.26 1.06 9.25 +£0.33 71.34 £ 2.68 19.41 £ 2.88

10 20.11 + 0.96 1.31 4029 1.05 9.16 + 0.24 71.42 £ 2.59 19.42 +£2.74

Note: Date represent means and standard deviation (S.D.).

2.2. Experimental Set-Up

The QY]JY-501 rainfall device (Qing yuan, Xi’an, China) was used. Five groups of
rainfall nozzles were used, each with three different aperture sizes. During rainfall simu-
lation, different rainfall intensities were achieved by using different nozzle combinations
and pressures. Rainfall intensity was controlled via real-time rain gauge data feedback.
With respect to raindrop velocity and raindrop size, the uniformity of the simulated rainfall
exceeded 80%. A Thies LAM Laser Raindrop Spectrometer was used to record both the
velocity and size of raindrops during rainfall experiments.

2.3. Experimental Treatments

According to the local seasonal rainfall [30] and vegetation coverage characteris-
tics [29], orthogonal experiments of slope length (2, 4, 6, 8, 10 m) and grass covered (0, 30%,
60%, 90%) were designed under 1.5 mm/min rainfall intensity, a of 20 experiment groups.
In view of the increasing trend of extreme rainfall in the Loess Plateau [32], in order to
quantify the impact of natural vegetation restoration on soil erosion control under extreme
rainfall conditions, orthogonal experiments of slope length (2, 4, 6, 8, 10 m) and rainfall
intensity (1, 1.5, 2, 2.5, 3 mm/min) were designed were designed under the natural grass
cover (60%), a total of 25 experiment groups.

Regarding the design of the slope length, a 10 m slope length experiment was first
carried out, and then, a marble slab was used to divide 2 m from the top of the slope
to construct an 8 m slope length experimental plot. A rain cloth was used to cover the
divided upper area during the rainfall experiment. There was a water outlet between
the division 2 m from the top of the slope and the boundary of the plot to avoid the
precipitation influencing the covered area on the plot length of the test slope. This process
was repeated to setup experiments with slope lengths of 6 m, 4 m, and 2 m. The day before
the experiment, a WET soil moisture meter was used to measure the soil moisture content.

The time required for runoff to be generated was recorded and all flow discharge
from each plot was collected at the outlet every 2 min, including all suspended and bed
sediments. The water flow velocity was obtained by the dye method. The time for the dye
(KMnOQOy) to pass a certain length (0.5 m) in the water flow was recorded, and the water
flow velocity was calculated. The velocity measurement started after the apparent runoff
had occurred on the slope and continued until the end of the simulated rainfall. For plots
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with a length of 10 m, the flow velocity was measured 1, 3, 5, 7, and 9 m from the top of
the slope, while for plots with a length of 8 m flow velocity was measured 1, 3, 5, and 7 m
from the top of the slope. For plots with a length of 2 m, the flow velocity was measured
1 m from the top of the slope. However, the dye method can only measure the maximum
surface velocity, not the average velocity. This experiment used the method of Chen et al.
to obtain the average velocity of the water flow [33]. A straight edge was used to measure
the flow depth on the slope, and the measuring position was the same as that used for
measuring the velocity. Once rainfall had been simulated for 60 min, runoff samples were
measured volumetrically and allowed to stand for 12 h, after which, most of the clean water
was poured out. Then, the sediment was dried to obtain its dry weight.

2.4. Indexes Calculation

Rainfall erosivity (R) is an index by which to quantify the rainfall energy. Rainfall
erosivity was calculated by:

em = 0291 — 0.72exp(—0.051)] 1)
n

E=) Pey; )
i=1

R = El3 3)

where e, is the break-point rainfall kinetic energy (MJ ha~! mm™1), i,, is the break-point
rainfall intensity (mm h~'), E is the total kinetic energy of the rainfall event (MJ ha~!),
and P; and ¢,,; are the rainfall amount (mm) and kinetic energy of the ith break point of
a storm event. I3y is the maximum 30 min rainfall intensity. In the current study, the
rainfall intensity was stable during the rainfall event. Therefore, the rainfall erosivity was a
function of the rainfall duration and actual rainfall intensity.

Stream power (w, W m~2) is an effective indicator used to represent the energy of
overland flow on hillslopes. The stream power can be calculated by:

w = pghSu = pgSq (4)

where p is the water density (assume to be 1000 kg m~3), ¢ is the gravitational acceleration
(ms~2), S is the slope gradient (m m~1), g is the unit discharge (m? s71), and u is the mean
flow velocity (m s 1.

2.5. Data Analysis

The slope length effect of soil erosion (ELI) for a given grass cover and rainfall intensity
is defined as the ratio of the soil erosion rate to the reduction rate at a slope length of 2 m.
The ELI was calculated by:

ELI = (SLR; — SLR;)/SLR; (5)
where SLR; represents the erosion rate of the i slope length (g m~2 min~') and SLR,
represents the erosion rate at the 2 m slope (g m~2 min™1).

3. Results
3.1. Soil Erosion Process

The soil erosion process differed in different treatments (Figure 2). Under a rainfall
intensity of 1.5 mm/min, the range of erosion rate for bare slopes and 30% grass cover
was 90400 g m~2 min !, and the range of erosion rate for 60% and 90% grass cover was
0-20 g m~2 min~!. The increased rainfall intensity caused increased soil loss. The erosion
rate under rainfall intensities of 2.5 and 3 mm min~! increased linearly with the time of
continuous rainfall. The higher the rainfall intensity, the higher the rate of the increase. The
soil loss process was divided into two stages: rapid increase and stable fluctuation. Grass
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cover decreased the rate of increase and the duration at the first stage and the fluctuation
range at the second stage. The denser the coverage, the stronger the effect. Rainfall intensity
had the opposite effect. Tukey’s HSD method was used to analyze the differences of water
and sand parameters at different slope lengths. Under different hydraulic conditions,
significant differences were found in the process of soil loss and changes in sand content of
different slope lengths (p < 0.05) (Tables 3 and 4). This difference was determined by the
differences in runoff, runoff width, and runoff between different slope lengths (p < 0.05)
(Tables 3 and 4). Correlation analysis showed that slope length is significantly positively
correlated with flow depth and flow velocity (p < 0.01) (Table 5). The amount of soil erosion
increased with slope length, but the associated growth rate gradually decreased. With
increasing slope length, the sand content followed a decreasing trend at first and then
increased. Under different slope lengths, compared with bare slopes, the average soil loss
of grass covers decreased by 47-90%, and the average reduction was 70%. Compared
with a rainfall intensity of 1 mm min~!, the average soil erosion of other rainfall intensity
increased 2-13 times, and the average increased 7 times.

450 270
a , Grass cover (%) b Rainfall intensity (mm/min)
304 [\ 0-e—30 © 60 v~ 90 a1 - 152 v 25+ 3
f \
/ X /f\ /h /' 225 ’
=270+ /i - / \\ /o / \\ I\
= 'V\ f = R
NE 180 o H .\.// ’/’ \ £ 180+ s
E ot eees ) t\/ :}{ | E RV, S WA
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© 207 © 135+ \ AN |y # \ |/
© s \ 3 Nty I/ v ¥
c g P'S » ‘ 4 - ¥
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Figure 2. Changes of erosion rate with time under (a) different grass coverage and (b) rainfall intensity.

3.2. Changes in the Impact of Slope Length on Soil Loss with Grass cover

The effects of grass cover and slope length on the erosion rate were analyzed under a
rainfall intensity of 1.5 mm min~!. The average erosion rate and runoff sediment content
increased with slope length (Figure 3). However, this trend was altered by changes in grass
cover. Correlation analysis between soil erosion parameters and hydrodynamic parameters
showed that the correlation between grass cover and runoff rate and flow depth was not
significant, but was significantly negatively correlated with flow velocity (p < 0.01) (Table 5).
When the grass cover was 0 or 30%, the erosion rate power function increased with slope
length, and this increase of slope length promoted soil loss. However, at 60% grass cover,
the soil erosion rate peaked at a slope length of 8 m, and at 90% grass cover, the soil erosion
rate peaked at a slope length of 6 m. With increasing grass cover, the number of erosion
parameters and hydrodynamic parameters without obvious difference between different
slope lengths increased (Table 3). Under four different mulches (under bare slope, 30%,
60%, and 90%), compared with the 2 m slope length, the maximum increase rates of erosion
rate were 775% (10 m), 930% (8 m), 225% (6 m), and 475% (4 m).
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Table 3. Runoff erosion characteristics under different grass cover.

Grass Covers (%) Slope Length RR RRD U SLR SC ELI
(mm) (mm min—1) (mm) (ms1) (gm~—2min1) gL 1 %
2 0.96 +0.17d 1.46 4= 0.03e 0.13 £ 0.00e 19.19 £+ 3.22d 13.37 +4.92d 0
4 0.97 £ 0.13¢ 2.33 +0.03d 0.24 +0.01d 47.28 + 6.18¢ 53.39 + 8.30c 146
0 6 0.99 + 0.20b 3.04 £ 0.03c 0.27 £ 0.01c 103.52 + 17.20b 101.06 + 27.17b 439
8 1.04 +£0.22b 3.26 4+ 0.04b 0.30 4+ 0.01b 102.41 + 16.63b 92.95 + 13.88b 434
10 1.08 £+ 0.29a 3.94 4+ 0.04a 0.41 £ 0.01a 167.95 4+ 19.85a 22441 + 29.76a 775
2 0.87 + 0.50d 1.69 4+ 0.08d 0.12 4+ 0.01e 8.05 + 5.03d 9.69 + 5.64d 0
4 0.89 £ 041c 2.70 £ 0.06¢ 0.19 £+ 0.02d 30.26 4+ 12.67¢ 30.2 £ 14.49¢ 21
30 6 0.92 + 041b 3.39 + 0.05bc 0.23 £ 0.01c 52.89 + 18.33b 49.57 + 16.51b 44
8 0.95 + 0.37b 3.81 £ 0.05ab 0.27 + 0.01b 61.51 + 18.21b 58.15 + 21.50b 32
10 0.99 £ 0.38a 4.83 £ 0.04a 0.31 £ 0.01a 82.89 4 33.95a 142.36 4= 24.89a 930
2 0.59 + 0.61d 1.66 +0.11d 0.12 + 0.03d 8.83 £ 1.00c 9.03 4+ 1.32ac 0
4 0.64 + 0.31bc 3.25 + 0.08¢ 0.16 £+ 0.02¢ 14.27 + 1.91bc 14.67 £+ 1.32ac 10
60 6 0.71 £ 34c 3.82 + 0.08ab 0.22 4+ 0.02b 18.81 + 2.13b 18.81 £+ 1.89a 16
8 0.76 + 0.31b 3.82 4+ 0.08a 0.28 £ 0.01a 28.7 4+ 4.80b 24.87 + 3.47a 24
10 0.75 £ 041a 4.34 £+ 0.07a 0.27 £ 0.01a 24.87 + 3.80a 15.32 + 1.81b 182
2 0.35 £ 0.14c¢ 1.73 4+ 0.05¢ 0.10 £ 0.01c 2.42 + 0.53b 3.30 + 1.50b 0
4 0.39 + 0.10bc 2.68 + 0.05b 0.15 4+ 0.00bc 5.18 + 2.73ab 5.50 + 1.76ab 15
90 6 0.46 £ 0.12ab 3.41 £+ 0.04a 0.17 & 0.01b 10.71 £ 5.03a 12.31 £+ 4.96a 29
8 0.53 £ 0.16a 3.41 £ 0.03a 0.17 £ 0.01a 7.34 £ 3.11a 8.37 £ 4.15a 20
10 0.51 4+ 0.17a 3.88 & 0.04a 0.20 £ 0.01a 13.91 + 5.48a 14.44 + 4.53a 475

Notes: date represent means and standard deviation (S.D.). U, flow velocity; RR, runoff rate; RRD, runoff depth; SC, sediment concentration; SLR, erosion rate; ELI, efficiency for

reducing soil loss. The different letters indicate significant differences in RR, RRD, U, SLR, SC within the different slope length.

Table 4. Runoff erosion characteristics under different rainfall intensities.

Rainfall Intensities Slope Length RR RRD U SLR SC ELI
(mm/min—1) (mm) (mm min—1) (mm) (ms1) (gm~—2 min1) gLt %
2 0.40 £ 0.14d 1.61 + 0.05d 0.12 £ 0.00d 13.21 + 3.48b 10.10 + 2.48b 0

4 0.45 £+ 0.12¢ 2.44 + 0.05¢ 0.15 £ 0.01c 5.86 + 1.14ab 4.00 + 1.13c¢ —56

1 6 0.51 + 0.10b 3.08 £ 0.04b 0.20 + 0.01b 8.39 &+ 2.10a 6.50 £ 1.67c —36

8 0.58 £+ 0.07b 3.45 4+ 0.04ab 0.17 £ 0.00b 6.13 £ 2.33a 4.07 + 1.22ac —54
10 0.63 & 0.16a 4.05 + 0.04a 0.25 4+ 0.01a 13.61 £ 2.07a 11.01 £ 1.53a 3
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Table 4. Cont.

Rainfall Intensities Slope Length RR RRD U SLR SC ELI
(mm/min—1) (mm) (mm min—1) (mm) (ms1) (gm~—2min—1) gL 1 %
2 0.59 + 0.61d 1.66 = 0.11c 0.12 £ 0.03¢ 8.83 £+ 1.00c 9.03 + 1.32ab 0
4 0.64 + 0.31cd 3.25 + 0.08b 0.16 + 0.02b 14.27 + 1.91ac 14.67 + 1.32ab 62
1.5 6 0.71 £ 34c 3.82 + 0.08ab 0.22 £+ 0.02a 18.81 £ 2.13a 18.81 £ 1.89a 113
8 0.76 £ 0.31a 3.82 £ 0.08a 0.28 £ 0.01a 28.7 £ 4.80a 24.87 + 3.47a 225
10 0.75 + 0.41b 4.34 + 0.07a 0.27 + 0.01a 24.87 + 3.80b 15.32 + 1.81c 182
2 0.93 + 0.48d 2.29 + 0.07¢ 0.10 £ 0.01e 10.74 £+ 2.81e 12.25 £+ 1.46¢ 0
4 0.97 £ 00.46¢ 3.11 4+ 0.07bc 0.17 + 0.01d 20.62 + 4.73d 19.98 + 1.88bc 92
2 6 1.02 £ 0.46¢ 3.45 4 0.06a 0.18 £ 0.00c 18.57 4+ 4.53¢ 28.61 +£ 1.72b 73
8 1.08 + 0.51b 3.86 + 0.06a 0.22 + 0.01b 28.1 £ 6.27b 31.25 + 3.48ab 162
10 1.14 + 0.55a 4.31 £ 0.07a 0.25 £ 0.01a 36.23 4 10.69a 26.98 + 2.33a 237
2 1.43 £+ 0.95¢ 2.03 + 0.08¢ 0.11 4+ 0.01e 28.1 4 6.43e 35.4 4 3.85e 0
4 1.47 4+ 0.89b 2.85 + 0.07bc 0.16 + 0.00d 70.08 + 14.80de 91.66 + 8.76a 149
2.5 6 1.51 +0.92b 3.49 + 0.08ab 0.18 £ 0.01c 87.18 + 18.48cd 88.72 + 10.48b 210
8 1.56 £ 1.02a 3.60 + 0.08ab 0.24 + 0.01b 132.80 + 29.27a 86.56 + 6.26d 373
10 1.62 £ 1.06a 3.75 + 0.09a 0.25 £ 0.01a 122.15 + 27.63b 88.22 4+ 7.35¢ 335
2 1.85 4+ 1.25d 1.65 4+ 0.06d 0.11 £ 0.01e 27.69 4 5.50e 32.44 +2.37d 0
4 1.89 £ 1.08¢c 3.30 £ 0.05¢ 0.18 + 0.01d 83.82 + 16.80d 74.49 4 6.85¢ 203
3 6 1.93 + 1.07b 4.20 £ 0.06b 0.23 £ 0.01c 90.99 + 18.16bc 31.75 £ 3.12d 229
8 1.98 + 1.07ab 443 + 0.05ab 0.25 + 0.01b 147.21 + 32.35b 147.65 + 19.87b 432
10 2.03 +1.23a 4.61 + 0.05a 0.29 &+ 0.01a 160.36 + 31.67a 165.39 + 22.66a 479

Notes: date represent means and standard deviation (S.D.). U, flow velocity; RR, runoff rate; RRD, flow depth; SC, sediment concentration; SLR, erosion rate; ELI, efficiency for reducing
soil loss. The different letters indicate significant differences in RR, RRD, U, SLR, SC within the different slope length.
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Table 5. Correlation between the relevant parameters of soil erosion and hydraulic parameters.

Grass Rainfall Slope
Covers Intensities Length RR RRD v SLR SC
grass covers 1
rainfall intensities 1
Slope length 1
RR —0.150 0.928 ** 0.132 1
RRD 0.088 0.190 0.901 ** 0.276 1
8] —0.444 ** 0.005 0.818 ** 0.233 0.767 ** 1
SLR —0.380 * 0.554 ** 0.466 ** 0.724 ** 0.489 ** 0.685 ** 1
SC —0.438 ** 0.415 ** 0.445 ** 0.591 ** 0.457 ** 0.701 ** 0.927 ** 1
Notes: RR, runoff rate; RRD, flow depth; U, flow velocity; SC, sediment concentration; SLR, erosion rate. ** means
significant correlation at p < 0.01; * means significant correlation at p < 0.05.
240 240
a Bare b 30% grass cover
200 200
T
€ 160 160
IE *®
(2]
o 1204 120 A
: |
e
% 80 - 80 I 2
I o
40+ % 40 i [
#I x
0 T T T T T 0 % T T T T
2 4 6 8 10 2 4 6 8 10
Slope length (m) Slope length (m)
50 50
c 60% grass cover d 90% grass cover
40+ 40
1
S
& 301 ) 30-
o x
2 ; )
© 201 T T J 20
c
2
(72} h o
2 1 x
L 104 . l 104 l
. 0
0 T T T T T ! J ; : '
2 4 6 8 10
2 4 6 8 10
Sl length
Slope length ope length (m)

Figure 3. The effect of different grass cover downhill length on erosion. The symbols (a—-d) represent
bare, 30% grass cover, 60% grass cover, 90% grass cover, respectively.

3.3. Changes of the Impact of Slope Length on Soil Loss with Rainfall Intensity

The impacts of rainfall intensity and slope length on the erosion rate were analyzed
under natural restoration of natural grass (60% vegetation cover). At a rainfall intensity
of 1 mm min~!, the average erosion rate followed an increasing-decreasing—increasing
fluctuation with slope length. With increasing rainfall intensity, the average erosion rate
gradually changed and increased with slope length (Figure 4). Correlation analysis of soil
erosion parameters and hydrodynamic parameters showed that the correlation between
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1)

m-2 min-

(9

Soil loss rate

Soil loss rate (g m-2 min'1)

rainfall intensity and flow depth and flow velocity was not significant, but was significantly
positively correlated with runoff (p < 0.01). With increasing rainfall intensity, the number
of slope lengths with significant differences in erosion parameters and hydrodynamic
parameters between different slope lengths increased (Table 4). Under rainfall intensities of
1,15,2,25, and 3 mm min?, compared with a slope length of 2 m, the maximum increase
rates of erosion rate were 3% (10 m), 225% (8 m), 237% (10 m), 373% (8 m), and 497% (10 m).
The maximum decrease rate of the soil erosion rate was 56% (4 m) under a rainfall intensity
of 1 mm min~! (Table 4).
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Figure 4. Effect of slope length on erosion under different rainfall intensity. The symbols (a—e) repre-
sent 1 mm/min, 1.5 mm/min, 2 mm/min, 2.5 mm/min, 3 mm/min rainfall intensity, respectively.
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3.4. Relationship between Grass Cover, Rainfall Intensity, Slope Length, and Erosion Rate

The impact of the slope length on soil erosion varied with grass cover and rainfall
intensity. To further analyze the effect of slope length, grass cover, and rainfall intensity
on soil erosion, nonlinear regression analyses of the relationship between erosion rate and
slope length, as well as between grass cover and rainfall intensity were performed. The
fitting equations were:

7 = 19.1836 x 02124 (01917 y <R2 — 0.8416, 1 = 20) ®)
Z = 2.8327 [25912 (01436 y (R2 = 0.8651, n = 25) @)
2

where Z represents the erosion rate (g m~2 min~!), x represents the grass cover (%), y
represents the slope length (m), and I represents the rainfall intensity (mm min~—1). A
comparison of the standard regression coefficients of slope length with grass cover and
rainfall intensity showed that compared with slope length, the relationship between soil
loss and grass cover and rainfall intensity was stronger.

4. Discussion
4.1. Effect of Slope Length on Soil Loss

Slope length is an important topographic factor affecting erosion. The average erosion
rate increased with slope length. The difference of different slope length measurement
indicators indicated that the changes of runoff, runoff depth, flow velocity, soil loss rate,
and runoff sediment content in different slope lengths were significantly different (p < 0.05).
The average erosion rate increased with increasing slope length. Bagio et al. reported
the same [34]. They assumed that soil loss increased exponentially with the increase of
slope length, and explained that the exponential growth of soil loss was caused by the
large runoff and high velocity formed by long slopes. In this study, the correlation analysis
shown in Table 5 indicated that slope length was significantly positively correlated with
flow velocity and flow depth (p < 0.01), while slope length also positively correlated with
runoff, but not significantly (p > 0.05). This suggests that the impact of slope length on
soil loss was caused by the increase in flow velocity and runoff depth, and slope length
increased the convergence of runoff and the intensity of flow scouring. There was a “runoff
degradation phenomenon” in runoff with increasing slope length [35,36], and long slope
lengths decreased the amount of slope runoff [37,38]. The long slope length increased the
time for runoff to pass and also increased infiltration, and the high flow depth formed by
the long slope length also increased infiltration. The sediment content of runoff increased
with the slope length, indicating that the sediment transport capacity also increased with
the slope length. The higher flow velocity increased the sediment transport capacity, but
the longer distance for carrying the sediment consumes more energy [24,39]. Therefore, the
rate of runoff sediment content gradually slowed down with increasing slope length, which
indicates that the effects of increasing the slope length gradually balance infiltration and
energy consumption. The long slope has an important influence on fine gully formation
and development. Gordon et al. suggest that rill incision and network development and
extension occurred due to actively migrating head cuts formed at the flume outlet by base
level lowering [40]. This suggests that long slopes promote the development of fine gullies
and intensify soil erosion. The increase of flow velocity caused by long slope is the main
reason for aggravating soil erosion [41].

4.2. Influence of the Slope Length on the Effect of Grass Cover on Soil Loss

Ecological restoration of vegetation is an important measure for the prevention and
control of soil erosion [42]. In the study, grass cover reduced soil loss by about 70%. Grass
cover also changed the trend of soil loss with slope length in the following way. With
increasing grass cover, the number of erosion parameters and hydrodynamic parameters
without obvious difference between different slope lengths increased (Figure 3, Table 3).
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On bare slopes and under low grass cover, long slopes promote erosion. However, under
high grass cover (60% and 90%), soil erosion followed a fluctuating trend of increasing-
decreasing-increasing with increasing slope length. Vegetation mainly affects hydraulic
characteristics (e.g., runoff, runoff depth, and flow velocity) through the above-ground
canopy and underground root system, and thus reduce soil erosion. Generally, high vegeta-
tion cover increases slope roughness, promotes infiltration, and delays the development of
slope hydrological connectivity [43,44]. Correlation analysis showed that vegetation cover
has a significant negative correlation with flow velocity (p < 0.01), and an insignificant
negative correlation with runoff (Table 5). This indicates that the effect of vegetation cover
for reducing flow velocity is stronger than that for increasing infiltration. This is because
E. comosum, which grows in this experimental cluster, exerts a good blocking effect on
runoff. Plant roots can change soil properties and increase soil permeability by decreasing
soil bulk density and increasing soil total porosity [45]. Thick-rooted vegetation was more
efficient in transporting water vertically downwards compared with capillary-rooted vege-
tation [46], while the thick-rooted C. varia accounts for less (Table 1). Under high vegetation
cover, the short slope length is insufficient to make the runoff converge into a larger runoff
and increase the velocity (Table 3). The maximum slope length of the experimental design
has not yet played a role for the erosion. Quantifying the impacts of slope length and grass
cover on soil erosion showed that the impact of grass cover on soil loss was stronger than
that of the slope length, which is similar to the results of Bircher et al. [47]. The effects of
the interference of the grass canopy and the change of root system on soil properties also
hold positive significance for the control of soil erosion [48]. The above-ground part of
vegetation has been harvested or removed; the root system of the vegetation still exerts a
good control effect on soil erosion [49]. Fitting the relationship between erosion rate and
runoff shear force showed that the critical shear force increased with increasing grass cover
(Table 5). Baets et al. reached a similar conclusion [50]. The combination of plant roots
and soil particles forms an overall improvement of soil shear strength. Root exudates can
cement the soil and form a stable aggregate structure, thus enhancing soil cohesion.

4.3. Influence of Slope Length on the Impact of Rainfall Intensity on Soil Loss

The effect of the slope length on soil loss on ecologically restored grassland slopes
varied with rainfall intensity. The greater the rainfall intensity, the greater the increase in
soil loss with slope length (Figure 4, Table 4). This result is similar to the results reported
by Wu et al. [22]. The impact of rainfall on slope erosion was mainly the result of the
effect of raindrops on the loose topsoil and the potential erosive force of runoff [6]. In
this study, the relationship between rainfall erosivity and the soil erosion rate was not
significant, because grass cover responded differently to rainfall erosion at different rainfall
intensities (Figure 5a). However, the erosion rate increased significantly with increasing
water flow power, following a power function (R? = 0.8095, p < 0.01) (Figure 5b). Flow
power as the best hydrodynamic parameter to characterize the dynamic mechanism of
slope erosion [7,51]. However, rainfall intensity also exerts an important effect on soil
properties (i.e., soil compaction and sealing) [20]. The current study showed that the critical
runoff shear force decreased with increasing rainfall intensity. A heavy rainfall intensity
promoted soil compaction and sealing, which is inconsistent with the results of the present
study [52]. This difference may be caused by differences in underlying surface conditions.
Under natural grass cover, the grass is blocked by the canopy from the direct effect of
raindrops on the soil, which is not conducive to the formation of surface soil crusts. At the
same time, heavy rainfall increases soil infiltration, thus leading to a higher water content
in the soil before runoff.
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Figure 5. Fitting of erosion rate with rainfall erosivity (a,b) stream power.

The impact of rainfall intensity on soil erosion was stronger than that of the slope
length, which is consistent with the report of Fu et al. [53]. The presence of grass cover
could intercept rainfall, increase soil infiltration, and block the direct effect of rainfall on soil,
thereby delaying the impact of rainfall on slope length erosion [54-56]. Several previous
studies have reported a critical rainfall intensity for soil erosion. When the rainfall intensity
exceeds the critical rainfall intensity, the erosion is further intensified under the influence of
the slope length factor [3,57]. In the current study, the correlation between flow velocity, soil
loss, and slope length was not significant under a rainfall intensity of 1 mm min~! (Table 4
and Figure 4). This indicates that the ecologically restored grass cover could control soil loss
very well without being affected by slope length. At rainfall intensities of 1.5-2 mm min !,
the total amount of soil erosion was small, indicating that within this rainfall intensity
range, the grass that recovered naturally achieved a good control effect on soil loss within a
slope length of 10 m. However, the amount of soil loss increased drastically with increasing
slope length when the rainfall intensity exceeded 2 mm min~!. Chen et al. pointed out
that the slope length effects of soil loss differed with different I3y (maximum 30 min rain
intensity) [31]. For I3p > 0.21 mm min~!, as the slope length increases in the range of
20-60 m, the amount of soil erosion first increased and then stabilized. Xing et al. showed
that soil loss increased with slope length [58]. The increasing rainfall intensity would
increase the amount of soil loss, but it did not affect the relationship between soil loss
and slope length. Rainfall erosion responds differently to the slope length under different
factors, e.g., different study areas and different rain intensities. In combination with the
conclusions of previous research, the slope length of the experimentally designed runoff
plot in this study was small (the longest was only 10 m). Therefore, the effects of slope
length on erosion on sloping farmlands under the background of ecological restoration
need to be further explored in subsequent experiments.

5. Conclusions

Studying the influence of slope length on the processes of runoff and erosion can
provide an important theoretical basis for the deployment of soil erosion prevention mea-
sures on slopes. For different treatments, the soil loss process was divided into two stages:
rapid increase and stable fluctuation. The average erosion rate increased with slope length.
Grass cover changed this trend of soil loss with slope length: at grass covers of 0 and 30%,
the rate of erosion rate increased exponentially with increasing slope length ranging from
90-400 g m 2 min~!. However, under a grass cover of 60%, the soil erosion rate peaked at
a slope length of 8 m, and under a grass cover of 90%, the soil erosion rate peaked at a slope
length of 6 m. At a rainfall intensity of 1 mm min~!, natural grass (60% vegetation cover)
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was able to control soil loss very well, which was independent of slope length. At rainfall
intensities of 1.5-2 mm min !, the overall soil erosion amount was small. The soil loss
increased drastically with slope length when the rainfall intensity exceeded 2 mm min .
Compared with a slope length of 2 m, longer slope lengths increased the erosion rate
by 225-930% under different grass coverages. Different rainfall intensities increased the
erosion rate in the range of —56% to 497%. Regression analysis showed that a non-linear
relationship between soil loss rate and rainfall intensity, grass cover and slope length. In
addition, the relationship between soil loss, grass cover, and rainfall intensity was stronger

than that between soil loss and slope length.
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