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A B S T R A C T   

Vegetation plays a vital role in regulating hydrological cycle and controlling soil erosion at multiple spatial and 
temporal scales. Establishing shrub-grass community is one of the widely adopted practices to increase rainfall 
infiltration and reduce soil erosion in water-limited and highland regions. To understand the effects of such 
vegetation communities on soil erosion and overland flow under different rainfall regimes at the hillslope scale, 
we conducted rainfall simulation experiments by setting up parallel plots at fixed slope of 15

◦

including unve
getated (coverage 0%), shrub only (coverage 50%), grass only (coverage 50%), and shrub-grass covered (cov
erages 25%, 50%, 75%, and 100%) and constant rainfall intensities of 30, 60, and 90 mm h− 1 rainfalls lasting 60 
min each after the initiation of overland flow. Two native species Lespedeza bicolor and Carex giraldiana, 
distributed in the soil sampling region were planted on the plots to achieve designed coverages. We found that 
the overland flow and sediment load from vegetated slopes were reduced by 9%–58% and 27%–98%, respec
tively, compared with unvegetated slopes while the infiltration rate increased by over 45%. Shrub-grass com
munity reduced the overland flow and sediment yield more significantly than shrub only and grass only 
treatments with the same coverage of 50% under three rainfall intensities. In addition, the overland flow rate 
linearly decreased while the mean sediment yield exponentially reduced against the increase in shrub-grass 
community coverage. Hydrodynamically, shrub-grass communities not only increased the critical hydrody
namic forces for the initiating soil erosion but also increased the resistance coefficient leading to reduce overland 
flow velocity, stream power, and thus soil erosion from the vegetative slope even under extreme rainfalls. Our 
research highlights the importance of developing the shrub-grass communities to reduce the quantity and energy 
of overland flow and control soil erosion on the hillslopes in water-limited and highland regions.   

1. Introduction 

As a primary cause of land degradation, soil erosion is a critical 
ecological, environmental, economic, and social problem that has 
garnered increasing attention globally (Borrelli et al., 2017; Dlamini 
et al., 2011; Li et al., 2016; Mann et al., 2017). Soil erosion reduces the 
soil productivity, fragments the landscape, increases the streamflow 
sediment concentration, and pollutes the downstream water bodies, 
leading to the degradation of hydrological health and watershed 
ecosystem at different scales (Kervroëdan et al., 2018; Ruiz-Colmenero 
et al., 2013; Wu et al., 2017). Among various controlling measures on 
soil erosion from hillslopes such as engineering, biological, and 

management (Allton et al., 2007; Sun et al., 2019; Yan et al., 2018), 
vegetation restoration is one of the most important and widely used 
nature-based approaches (Cerdà, 2007; Espigares et al., 2011; Liu et al., 
2014). Vegetation in general reduces soil loss by enhancing the inter
ception of rainfall, reducing the kinetic energy of raindrops, improving 
soil aggregate stability and soil infiltration, increasing the roughness of 
the underlying surface, and dissipating overland flow energy (Mah
moodabadi and Sajjadi, 2016; Xin et al., 2016; Zare et al., 2016; Zuazo 
and Pleguezuelo, 2008). Mixed shrub and grass communities are widely 
distributed in water-scarce and highland regions and have great po
tential for contolling soil erosion. However, previous studies are often 
conducted to explore the effects of either shrub only or grass only covers 

* Corresponding author. Jixian National Forest Ecosystem Observation and Research Station, CNERN, School of Soil and Water Conservation, Beijing Forestry 
University, Beijing, 100083, China. 

E-mail address: Zhqzhang@bjfu.edu.cn (Z. Zhang).  

Contents lists available at ScienceDirect 

Environmental Research 

journal homepage: www.elsevier.com/locate/envres 

https://doi.org/10.1016/j.envres.2022.113774 
Received 22 January 2022; Received in revised form 14 June 2022; Accepted 27 June 2022   

mailto:Zhqzhang@bjfu.edu.cn
www.sciencedirect.com/science/journal/00139351
https://www.elsevier.com/locate/envres
https://doi.org/10.1016/j.envres.2022.113774
https://doi.org/10.1016/j.envres.2022.113774
https://doi.org/10.1016/j.envres.2022.113774
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2022.113774&domain=pdf


Environmental Research 214 (2022) 113774

2

on the overland flow generation and soil erosion (Chen et al., 2018; Liu 
et al., 2019; Xiao et al., 2017). The functionalities of mixed shrub and 
grass communities on the overland flow and soil erosion are not well 
documented. Therefore, it is essential to investigate the effects of such 
vegetation type on the generation of overland flow and soil erosion for 
developing sound vegetation restoration scheme and achieve soil 
erosion control objective for these regions. 

A large number of previous studies have been conducted to explore 
the effects of either the grass or the shrub cover on the hillslope overland 
flow and soil erosion in water-limited and highland regions (Chen et al., 
2018; Li et al., 2009; Liu et al., 2019; Wei et al., 2007; Xiao et al., 2017). 
Shrub plots have lower overland flow and soil erosion rates than bare 
plots under simulated rainfall on the Loess Plateau (Xiao et al., 2017). 
Sediment yield from field grass plots decreases rapidly as the coverage 
increased from 0% to 90% (Li et al., 2009). Well-covered shrubland and 
native grassland had better soil and water conservation benefits than 
woodland and pastureland in the semiarid Loess Plateau of China 
(Huang et al., 2006). Grassland generally shows a more effective con
trolling capacity on the overland flow and soil erosion than that of 
shrubland while less effective under short-duration heavy rainfall. The 
dense canopies of shrublands intercept rainfall and significantly reduce 
the raindrop energy and overland flow (Pizarro et al., 2006; Wei et al., 
2007). However, the patchy distribution of shrubland could lead to soil 
erosion in areas without grass below the canopy of shrubs, as widely 
observed in the dryland regions (Arnaez et al., 2015). Combined shrub 
and grass communities might be a better choice for balancing the sedi
ment yield reduction and overland flow production in semi-arid and 
highland areas (Liu et al., 2019; Wang et al., 2012). However, most 
previous studies involved only one single vegetation type, e.g., 
shrub-coverage or grass-coverage, the knowledge in quantifying the 
performance of sediment reduction and overland flow maintenance in 
mixed shrub-grass communities is relatively rare. 

Hydrodynamic regulation by vegetation cover is critical to under
stand the overland flow generation and soil erosion on the hillslopes 
(Krause et al., 2017; Sun et al., 2019; Xu et al., 2006b; Zhang et al., 
2006). Such regulations depend on the vegetation effects on the surface 
resistance, soil infiltration, flow quantity, and flow energy that drives 
the soil erosion as shallow open-channel flows (Mu et al., 2019; Wang 
et al., 2015, 2019; Zhang et al., 2013, 2017a). In general, the impacts in 
overland flow regime, flow depth, flow resistance, flow energy, and 
sediment concentration by different vegetations such as natural slope, 
bare land, grassland, and shrubland are well documented (Li et al., 
2006, 2017; Martínez-Murillo et al., 2013; Xu et al., 2017). Overland 
flow rates of bare land slopes are 2.0–14.4 times higher than grassland 
and 2.6–6.6 times higher than shrubland (Yao et al., 2011). While the 
critical flow shear stress, critical stream power and critical unit energy of 
a cross-section of grassland and shrubland are 1.9–3.3, 3.5–4.7, and 
1.4–1.7 times higher than that of bare land (Xiao et al., 2011a). Sedi
ment transport rates increase linearly against such hydrodynamic pa
rameters (Xiao et al., 2011a; Xu et al., 2017; Yao et al., 2011). 
Vegetation cover, in general, could significantly reduce the flow velocity 
and increase the Manning roughness coefficient. However, the resis
tance coefficient of shallow overland flow could decrease with an 
increasing Reynolds number at a low vegetation coverage while 
increasing linearly at high vegetation coverages (Wu et al., 2007; Zhang 
et al., 2014a). Rainfall regimes play a significant role in the hydrody
namics of overland flow. The stream power of overland flow could better 
reflect the dynamic process of hillslope erosion in these hydrodynamics 
parameters. The stream power and erosion amount remain stable at 
coverages ranging between 40% and 80%, which could be used as an 
index to evaluate the regulation effect of vegetation on erosion (Zhu 
et al., 2010). However, the hydrodynamic mechanism of the complex 
underlying surface conditions such as the combination of shrub and 
grass community under different rainfall intensities is not well 
investigated. 

We, therefore, hypothesized that mixed shrub and grass community 

is more effective than grass only or shrub only coummunities to conserve 
soil and water at slope scale in water-limited and highland regions. 
Simulated rainfall experiments were performed on the slopes with 
different coverages of grass only, shrub only and mixed shrub-grass 
vegetation to: (1) quantify the overland flow and sediment yield 
against vegetation coverages, (2) explore the rainfall intensity on 
overland flow and sediment yield against different vegetation coverages, 
(3) understand the physical process of overland flow and soil erosion for 
these experiments in terms of hydrodynamics properties. 

2. Materials and methods 

2.1. Experimental design 

Rainfall simulation experiments were carried out in an indoor per
manent Rainfall Simulation Hall located in Jiufeng Experimental Forest 
Farm in Beijing, China. The large-scale automatic pendent simulator 
(QYJY-503C, Xi’an Qingyuan Measurement & Control Technology Co., 
Ltd, China) has a rainfall height of 12.0 m, covering 8.0 m × 8.0 m. The 
rainfall simulator consists of a controller, gauges, pumps, water pipes 
and sprinklers, as well as other components. The type of sprinklers is 
rotary downjet sprinkler. The rainfall process is automatically controlled 
through a computer console, and the uniformity of rainfall, which re
fects the unit weight of rainwater in diferent locations of the distribution 
of uniformity, was 0.85 ± 0.04. Constant rainfall intensity can be ach
ieved from 10 to 300 mm h− 1. Raindrop diameters ranged from 0.70 mm 
to 3.50 mm, and terminal velocity error (compared with natural rainfall) 
of raindrops is approximately <0.50 m s− 1 (Huo et al., 2015; Wang et al., 
2021). The water supply source of rainfall simulation was urban tap 
water. In general, electrical conductivity has a positive correlation with 
electrolyte concentration in the solution (Kim and Miller, 1996; Yao 
et al., 2013), electrical conductivity of the tap water of our experiments 
0.272 ± 0.082 mS cm− 1 was similar with the natural rainfall 0.185 ±
0.116 mS cm− 1 during the same period. Although there might be water 
chemistry effects on the overland flow and soil erosion, as a comparative 
study, minor variation in tap water chemistry will have no detectable 
influences on our result. 

According to the statistics of maximum rainfall intensities for 
different reoccurrence periods from a multi-year rainfall regime in the 
soil sampling region, three constant rainfall intensities of 30, 60, and 90 
mm h− 1 (referred to hereafter as light (RI30), moderate (RI60), and 
extremely high (RI90)) representing 5, 50, and 100 years return period, 
respectively, were apllied for simulation study. All the simulated rain
falls lasted for 60 min after the initiation of overland flow. 

To compare the vegetation effects on the overland flow and sediment 
yield, we designed expriment plots to achieve different vegetation 
composition and coverage. The targeted plots include: (1) control plots 
without vegetation (C0), (2) 50% vegetation coverage by shrub (CS50) 
only and grass (CG50) only plots, (3) 25% (CS-G25), 50% (CS-G50), 75% 
(CS-G75), and 100% (CS-G100) vegetation coverage by mixed shrub and 
grass plots. Each of all such plots has three replications installed within 
the effective rainfall area under each of three different rainfall intensi
tities (Table S1). 

2.2. Preparation of soil boxes and vegetation planting 

2.2.1. Soil collection and soil boxes preparation 
Soil was collected from the top layer (30 cm) and transported to the 

rainfall simulation hall from Taizicheng watershed (Longitude and 
latitude: 40◦54′N, 115◦29′E; altitude: 1700 m a.s.l.) located in the 
Chongli District, Zhangjiakou City, Hebei Province, China. Situated in 
the transition zone between the Inner Mongolia Plateau and the North 
China Plain, the region is controlled by a semi-arid temperate conti
nental monsoon climate. The annual average temperature is 5.3 ◦C, the 
mean annual precipitation is 400 mm. Over 80% of the annual precip
itation occurs between June and September in short-duration, high- 
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intensity summer thunderstorms. The typical soil type on the hillslopes 
in the watershed is Eutric Cambisols soil (IUSS Working Group WRB, 
2015), while soil depth is approximately 20–30 cm. The average soil 
bulk density is 1.15 g cm− 3 (Table S2). 

Soil boxes with net dimensions of 2.00 m (L, length) × 0.50 m (W, 
width) × 0.40 m (D, depth) were manufactured following the sugges
tions of L × W × D = (1.00–2.00 m) × (0.50–1.00 m) × (0.22–0.50 m) 
(Adekalu et al., 2007; Vahabi and Nikkami, 2008). We set the soil box 
slope to 15◦ for all experiments to avoid the slope effects on the overland 
flow and sediment yield. An overland flow collector was installed on the 
soil box outlet and the sediment and overland flow samples collected 

during the rainfall simulation (Fig. 1a and b). In addition, evenly 
distributed drainage holes (1 cm aperture, 240 holes) were designed at 
the bottom of each soil box to allow vertical soil water movement during 
and after the rainfall simulations. 

We filled the lowest 10 cm of soil box with sands to allow free 
drainage of excess water and spread a highly permeable clothes on the 
sand surface to separate the sand layer from the soil layer. We then filled 
our experimental soil into the boxes and compacted it to a bulk density 
of 1.15 g cm− 3. To achieve uniform compaction, we filled the soil into 
the boxes in three layers of 10 cm. We raked each soil layer lightly before 
adding the next level to minimize the discontinuities between layers. 

Fig. 1. Schematic diagram of simulated rainfall and soil box design (covered by vegetation) (a), photographs of boxes with and without vegetation during the rainfall 
simulation runs (b) and schematic diagram of vegetation coverages in the experiment (c). 
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The total depth of soil in the boxes was set to 30 cm. 

2.2.2. Vegetation establishment 
Two widely distributed indigenous species in the soil sampling re

gion, Lespedeza bicolor (shrub species) and Carex giraldiana (grass spe
cies) were used (Xu et al., 2006a; Zhang et al., 2017b) to achieve the 
above-mentioned vegetative plots by using uniform planting approach. 
One-year-old saplings of the shrub species Lespedeza bicolor (approxi
mately 50 cm in height, 25 cm × 25 cm in the crown width, 10 ± 0.50 
mm in base diameter) and the grass species Carex giraldiana (approxi
mately 10 cm in height, 15 cm × 15 cm in the crown width) was planted 
in the plots (Fig. 1). 

Soil box (size 50 cm × 200 cm) was evenly divided into 64 cells (12.5 
cm × 12.5 cm each cell). One grass can be planted in one cell and one 
shrub can be planted in four cells. And four grasses and one shrub 
formed a shrub-grass community (canopy coverage ratio of shrub: grass 
is 0.785), and the spacing of grass was 12.5 cm, the shrub was planted in 
the middle of four grasses (Fig. 1c). For grass only plots, 8 clusters of 
grass (a cluster of 4 grasses with a square shape) were planted on the soil 
box by diagonal uniform planting in the CG50 plot, and the spacing of 
grass was 12.5 cm. For shrub only, eight shrubs were planted on the soil 
box by diagonal uniform planting in the CS50 plot. For shrub-grass 
community, 4, 8, 12 and 16 shrub-grass communities were planted on 
the soil box by uniform planting in the CS-G25, CS-G50, CS-G75, CS-G100 
plots, respectively (Fig. 1c). To achieve close contact between the plant 
roots and the soil, the vegetation was planted in May 2018. The rainfall 
simulation experiment was performed from July to August 2018 after 
two months of plant establishment. To minimize the errors to achieve 
the targeted vegetation coverages before the rainfall simulations, digital 
camera with 20 megapixel was used to obtain the photos perpendicular 
to the ground level and Photoshop CS 6.0 software used to calculate and 
identify the extra canopies for trimming. 

2.3. Measurements of overland flow and sediment 

We applied a RI30 pre-rainfall for around 25 min until overland flow 
was visible to ensure comparative uniformity of the surface soil moisture 
and roughness condition. A plastic sheet cover was used to prevent soil 
moisture evaporation and allow the soil water to equilibrate with depth 
for 24 h. 

For each simulation run, time to overland flow initiation was 
recorded, experimental time then lasted for 60 min after the beginning 
of the overland flow. We collected overland flow and sediment samples 
into a bucket at intervals of 2 min in the first 10 min and 5 min later and 
then weighed after oven-drying at 105 ◦C for 24 h. Overland flow vol
ume was measured volumetrically. 

We measured overland flow velocity (Vs) at three slope sections 
(0.25, 0.75, and 1.25 m of slope length) at 5-min intervals. Vs was 
measured using KMnO4 as a dye tracer and measured the travel time of 
the color front. We defined the upper slope from top to middle 
(1.75–1.25 m), the middle slope from 1.25 m to 0.75 m, and the lower 
slope from 0.75 to 0.25 m. 

Rainfall interception and evaporation of shrub-grass canopy were 
negligible during the rainfall period; the infiltration rate f(t) of the slope 
was estimated by: 

f (t)=Pi × cos α −
10Qt

(ti+1 − ti)×S
t ≥ tp (1)  

where f(t) is infiltration rate at t time (mm•min− 1); Pi is precipitation 
intensity (mm•min− 1); α is the surface slope (◦); Qt is the corresponding 
discharge of each period (ml); ti, ti+1 are the beginning and ending time 
(min); tp is overland flow generation time (min); and S is the plot area 
(cm2). 

2.4. Hydrodynamic parameters calculation 

We estimated the mean overland flow velocity (V, cm⋅s− 1) by: 

V = k Vs (2)  

where Vs is overland flow velocity (cm⋅s− 1), and k is a coefficient 
equaling to 0.67 for laminar flow, 0.7 for transition flow, and 0.8 for 
turbulence flow (Li et al., 1996). 

The flow depth (h) was calculated as: 

h=
Q

VBt0
(3)  

where Q is the total overland flow volume during t0 (ml); B is the width 
of the overland flow section (cm); t0 is the duration of collecting a 
sample of the overland flow (min). 

Reynolds number (Re) and the Froude number (Fr) were used to 
reflect the flow regime and calculated as: 

Re=
VR
v

(4)  

Fr =
V
̅̅̅̅̅̅
gR

√ (5)  

where v is kinematic viscosity (cm2⋅s− 1) determined at the test tem
perature (t) by v = 0.01775

1＋0.0337t＋0.000221t2; R is the hydraulic radius (cm), 
which is approximately equal to h; g = 980 cm s− 2. 

The Darcy-Weisbach friction coefficient (f) characterizing the flow 
retardation was calculated following Abrahams et al. (1986): 

f =
8gRJ

V2 (6)  

where J is the surface slope (m⋅m− 1) calculated as the tangent of the 
slope degree. 

Shear stress (τ, Pa) was calculated according to Foster et al. (1984): 

τ= γRJ (7)  

where γ is the specific gravity of water (N⋅m− 3). 
Stream power (w, N⋅m− 1 s− 1) was calculated as: 

w= τV (8) 

Unit stream power (P, m⋅s− 1) was calculated as: 

P=VJ (9) 

Unit energy of cross-section (E, cm) was the sum of water potential 
energy and kinetic energy and calculated according to Zhang et al. 
(2015): 

E=
aV2

2g
+ h (10)  

where h is flow depth (cm); a is the correction coefficient for kinetic 
energy, equal to 1. 

2.5. Statistical analysis 

We conducted Repeated-Measures ANOVA to identify significant 
differences between the different treatments. The statistical analysis was 
performed at a significance level of 0.05 using the statistical software 
SPSS (IBM SPSS Statistics, 19.0). 
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3. Results 

3.1. Overland flow 

3.1.1. Overland flow against vegetation type and coverage 
The shrub-grass communities were more effective to delay the 

overland flow generation and increase the soil infiltration than shrub 
only or grass only plots under the same coverage and rainfall intensity. 
Time to flow of the CS-G50 plots (87.53–677.33 s) were higher than these 
of the CG50 (79.85–645.70 s) and CS50 plots (75.99–592.60 s), that was 
significant under rainfall intensities of RI60 and RI90 (p < 0.05, 
Table 1). And the infiltration rate (0.29–0.46 mm min− 1) of the CS-G50 
plots were also higher than the CG50 (0.28–0.42 mm min− 1) and CS50 
plots (0.26–0.39 mm min− 1) while the latter was higher than the CS-G25 
plots (0.16–0.24 mm min− 1) (Fig. S1). 

For shrub-grass communities, time to flow was significantly longer 
from higher coverage plots (e.g., CS-G75 and CS-G100) than the plot 
covered by CS-G25 (p < 0.05), and overland flow rate and coefficient 
were significantly lower from higher coverage plots (e.g., CS-G75 and CS- 

G100) than the plots covered by CS-G50 and CS-G25 (p < 0.05, Table 1). 
The overland flow rate and overland flow coefficient decreased while 
the infiltration rate increased against the increase in coverage under the 
same rainfall intensity (Table 1, Fig. S1). The steady-state overland flow 
rate was reached at approximately 0.33, 0.28, 0.24, and 0.18 mm min− 1 

for the CS-G25, CS-G50, CS-G75, and CS-G100 plots, respectively, under 
RI30 (Fig. 2a), being reduced by 13%, 26%, 37%, and 53%, respectively, 
compared with the overland flow rate of 0.38 mm min− 1 from the C0 
plot. The initial and steady-state infiltration rates of the CS-G25, CS-G50, 
CS-G75, and CS-G100 plots were higher than that of the C0 plot (Fig. S1). 
The steady-state infiltration rate of 0.16, 0.20, 0.23 and 0.31 mm min− 1 

for the CS-G25, CS-G50, CS-G75, and CS-G100 plots were 45%, 82%, 109% 
and 182% higher than that of the C0 plot being 0.11 mm min− 1, 
respectively, under RI30 (Fig. S1a). Similar trends were observed under 
RI60 and RI90: 1) overland flow rate from the CS-G100 plot leveled off at 
0.42 and 0.92 mm min− 1, respectively (Fig. 2b and c), resulting in 55% 
and 32% reduction compared with that from the C0 plot that was finally 
stabilized at 0.94 and 1.36 mm min− 1, respectively; 2) the infiltration 
rate from the CS-G100 plot leveled off at 0.55 and 0.54 mm min− 1, while 
the C0 plot was 0.02 mm min− 1 and 0.09 mm min− 1, respectively 

(Fig. S1b, c). Achievement of saturated soil moisture and steady-state 
infiltration by progressive rainfall under a particular rainfall intensity 
have formed a more steady-state overland flow. There was a significant 
linear decrease of the overland flow rate against the shrub-grass cov
erages (p < 0.05, Fig. S2). 

3.1.2. Overland flow against rainfall intensity 
Overland flow rate from plots with the same vegetation coverage 

increased while the time to reach the relative constant infiltration rate 
decreased against the increase in rainfall intensity (p < 0.05, Fig. 2, 
Fig. S1 and Table 1). Overland flow rate from non-vegetated slopes (C0) 
reached steady-state under rainfall intensities of RI30, RI60, and RI90 at 
approximately 0.38, 0.94, and 1.36 mm min− 1, respectively (Fig. 2), 
indicating a significant rainfall intensity effects on the overland flow 
production. Similar trends were observed for plots with different vege
tation coverages. Time to overland flow generation was significantly 
reduced against the rainfall intensity (p < 0.05) up to 85% reduction 
under RI90 compared with RI30. The overland flow coefficient 
increased against rainfall intensity under the same vegetation coverage 
(Table 1), and the infiltration coefficient decreased by 37%–65% under 
RI90 compared with RI30 (Fig. S1). 

Average overland flow rate under RI30 decreased by 16%, 30%, 
44%, and 50% from the plots covered by CS-G25, CS-G50, CS-G75, and CS- 

G100 compared with non-vegetated slope (C0), respectively; corre
spondingly, it decreased by 9%, 20%, 28%, and 34% under RI90. 
However, the overland flow rate under RI60 decreased more dramati
cally than that under RI30 and RI90 by up to 25%, 34%, 48% and 58%, 
respectively (Table 1). Clearly, vegetation could still reduce the over
land flow volume under extreme rainfall condition (RI90). 

3.2. Sediment yield 

3.2.1. Sediment yield against vegetation type and coverage 
Sediment yield from the CS-G50 plots (0.13–6.73 g min− 1⋅m− 2) were 

lower than that of the CG50 (0.18–8.14 g min− 1⋅m− 2) and CS50 plots 
(0.38–9.44 g min− 1⋅m− 2), that was significant under rainfall intensities 
of RI60 and RI90 (p < 0.05, Fig. 3, Table 2), indicating that shrub-grass 
communities had better sediment reduction benefits than shrub only or 
grass only treatments while the grass only were better than shrub only 

Table 1 
Overland flow response to vegetation coverage under three different rainfall intensities.  

Overland flow parameters Coverage Rainfall intensity = 30 mm h− 1 (RI30) Rainfall intensity = 60 mm h− 1 (RI60) Rainfall intensity = 90 mm h− 1 (RI90) 

N Mean ± Std.D N Mean ± Std.D N Mean ± Std.D 

Time to flow(s) CS-G0 3 411.67 ± 56.19 aA 3 78.74 ± 3.07 aB 3 62.22 ± 15.19 aB 
CS-G25 3 568.67 ± 26.63bA 3 102.10 ± 7.68bB 3 69.58 ± 13.02 aC 
CS50 3 592.60 ± 23.70bcA 3 114.92 ± 4.60 cB 3 75.99 ± 3.04abC 
CG50 3 645.70 ± 25.83bcA 3 126.78 ± 5.07 dB 3 79.85 ± 3.19bC 
CS-G50 3 677.33 ± 37.54 cA 3 138.21 ± 6.75eB 3 87.53 ± 2.67 cC 
CS-G75 3 746.33 ± 44.61cdA 3 241.42 ± 37.92 fB 3 90.81 ± 1.64 cC 
CS-G100 3 930.00 ± 122.16eA 3 289.44 ± 34.67gB 3 95.46 ± 4.91 cC 

Overland flow rate (mm•min− 1) CS-G0 3 0.31 ± 0.02 aA 3 0.86 ± 0.05 aB 3 1.30 ± 0.07 aC 
CS-G25 3 0.26 ± 0.03bA 3 0.65 ± 0.03bB 3 1.18 ± 0.06bC 
CS50 3 0.24 ± 0.01bcA 3 0.62 ± 0.03bcB 3 1.12 ± 0.06bcC 
CG50 3 0.22 ± 0.01 cA 3 0.59 ± 0.03 cB 3 1.08 ± 0.05bcC 
CS-G50 3 0.22 ± 0.02 cA 3 0.56 ± 0.03 dB 3 1.04 ± 0.05 cC 
CS-G75 3 0.17 ± 0.01 dA 3 0.44 ± 0.02eB 3 0.94 ± 0.04 dC 
CS-G100 3 0.15 ± 0.02eA 3 0.36 ± 0.02 fB 3 0.85 ± 0.03 dC 

Overland flow coefficient CS-G0 3 0.62 ± 0.04 aA 3 0.86 ± 0.05 aB 3 0.87 ± 0.05 aB 
CS-G25 3 0.52 ± 0.05bA 3 0.65 ± 0.03bB 3 0.78 ± 0.04bC 
CS50 3 0.49 ± 0.02bcA 3 0.62 ± 0.03bcB 3 0.75 ± 0.04bcC 
CG50 3 0.45 ± 0.02 cA 3 0.59 ± 0.03 cB 3 0.72 ± 0.04bcC 
CS-G50 3 0.43 ± 0.04 cA 3 0.56 ± 0.03 dB 3 0.69 ± 0.04 cC 
CS-G75 3 0.35 ± 0.03 dA 3 0.45 ± 0.02eB 3 0.62 ± 0.03 dC 
CS-G100 3 0.31 ± 0.04eA 3 0.36 ± 0.02 fA 3 0.57 ± 0.02 dB 

Note: Different capital letters in the same row mean the significant difference between different rainfall intensities (ANOVA, p < 0.05); Different lowercase letters in the 
same column mean the significant difference between different vegetation coverages (ANOVA, p < 0.05). 
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treatments. 
For shrub-grass communities, mean sediment yield showed a 

decreasing trend against vegetation coverage increase under the same 
rainfall intensity (Fig. 4). Under RI30, the mean sediment yield of the C0 
plot was 1.21 g min− 1⋅m− 2, which is much higher than that from the 
vegetated slopes with 0.65, 0.13, 0.04, and 0.02 g min− 1⋅m− 2 for CS-G25, 
CS-G50, CS-G75, and CS-G100 plots, respectively (Table 2). The maximum 
reduction in sediment yield was 1.19 g min− 1⋅m− 2 (approximately 98%) 
from the CS-G100 plot under RI30 compared to the C0 plot. For RI60 and 
RI90, the mean sediment yield of the CS-G100 plot was 1.32 and 4.03 g 
min− 1⋅m− 2, compared to the C0 plots with 10.45 and 15.22 g min
− 1⋅m− 2, respectively. The CS-G100 plot thus could reduce the sediment 
yield by 87% and 73%, respectively (Table 2). The benefit of vegetation 
on sediment reduction decreased with the increase of rainfall intensity. 

The ANOVA analysis showed that the mean sediment yield under 
coverages of CS-G50, CS-G75, and CS-G100 were significantly lower than 
for coverages of CS-G25 and C0 (p < 0.05, Table 2, Fig. 3, Fig. 4). Similar 
to overland flow generation, the mean sediment yield was significantly 
correlated with the vegetation coverage in a negative way under the 
same rainfall intensities. In addition, the mean sediment yield expo
nentially decreased against the increase in vegetation coverage for the 
shrub-grass coverage (R2 = 0.97, p < 0.05 for RI30, R2 = 0.98, p < 0.05 
for RI60 and R2 = 0.94, p < 0.05 for RI90, Fig. 4). 

3.2.2. Sediment yield against rainfall intensity 
Sediment yield from plots with the same vegetation coverage 

increased significantly against the increase in rainfall intensity (p <

0.05, Fig. 3, Table 2). For RI30 and RI60, the sediment yield increased 
rapidly at the initial stage of the experiments and declined after reaching 
a peak at approximately 10 min (Fig. 3), almost concurrent with peak 
overland flow (Fig. 2). However, for RI90, the sediment yield peaked at 
the very beginning and declined gradually afterwards. For the C0 plots, 
the constant sediment yield for RI60 and RI90 were 10.44 and 13.05 g 
min− 1⋅m− 2 (Fig. 3), 13 and 16 times greater compared with 0.76 g 
min− 1⋅m− 2 for RI30, respectively. For the plots with CS-G50, the constant 
sediment yield under RI30, RI60, and RI90 were 0.10, 3.38, and 5.78 g 
min− 1⋅m− 2, respectively (Fig. 3) and sediment yield under RI60 and 
RI90 increased by 33 and 57 times compared with that under RI30, 
respectively. For the plots with other coverages, the sediment yield 
showed a similar trend under different rainfall intensities. In addition, 
there were no significant difference in sediment yield under RI30 be
tween the plots covered by vegetation over 50% while a significant 
difference was observed between plots with different coverages under 
RI60 and RI90 (Table 2). 

3.3. Hydrodynamic characteristics 

3.3.1. Vegetation type, coverage and overland flow hydrodynamic 
characteristics 

Mean overland flow velocity (1.91, 3.93, 4.98 cm s− 1 under rainfall 
intensity of RI30, RI60 and RI90, respectively) over CS-G50 plots were 
lower than that of the CG50 (2.73, 4.34, 5.30 cm s− 1) and CS50 plots 
(3.25, 5.46, 6.66 cm s− 1) (Table 3, Fig. S3). The Darcy-Weisbach friction 
coefficient (f) of the CS-G50 plots were 1.15–2.80 times and 2.20–4.34 

Fig. 2. Overland flow hydrograph for different vegetation coverages under three rainfall intensities of RI30 (a), RI60 (b), and RI90 (c), respectively. Error bars are 
standard deviations. 
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times greater than that from CG50 and CS50 plots, respectively. Laminar 
flow (Re < 500) and slow flow (Fr < 1) on the CS-G50, CG50 and CS50 
plots were formed under all rainfall intensities. The CS-G50 plots had 
lower stream power (ω, P) and higher shear stress (τ) and flow depth (h) 
than the CG50 and CS50 plots (Table 3). It showed that shrub-grass 
communities were more effective to increase the flow resistance and 
flow depth, reduce overland flow velocity and stream power than shrub 
only or grass only plots under the same coverage and rainfall intensity. 

For shrub-grass communities, overland flow velocity increased as the 
rainfall progressed while decreased against the increase in coverage 
(Fig. S3). Mean overland flow velocity (V) of 6.35 cm s− 1 from the non- 
vegetated slope (C0) was approximately 2–3 times of that from shrub- 
grass plots CS-G50 (3.93 cm s− 1) and CS-G100 (2.42 cm s− 1) under RI 
60, respectively; while the mean flow velocity from slopes of the CS-G25, 
CS-G50, CS-G75, and CS-G100 plots were lowered by 25%, 38%, 52%, and 
62%, respectively, compared to C0 (Table 3). Under RI30 and RI90, the 
flow velocity of CS-G100 decreased by 71% and 55% compared with the 
flow velocity of the C0 plot, respectively. A similar trend in the mean h, 
ranging from 0.45 mm to 0.50 mm when the vegetation coverage 
increased under RI60. The increase of vegetation coverage corre
spondingly enhanced the overland flow resistance. The f changed from 

Fig. 3. Sediment hydrograph for different vegetation coverages under three rainfall intensities of RI30 (a), RI60 (b), and RI90 (c), respectively. Error bars are 
standard deviations. 

Table 2 
Sediment response with different rainfall intensities and vegetation coverages 
(unit: g•min− 1•m− 2).  

Coverage Rainfall intensity =
30 mm h− 1 

Rainfall intensity =
60 mm h− 1 

Rainfall intensity =
90 mm h− 1 

N Mean ± Std.D N Mean ± Std.D N Mean ± Std.D 

C0 3 1.21 ± 0.10 
aA 

3 10.45 ± 0.50 
aB 

3 15.22 ± 0.60 
aC 

CS-G25 3 0.65 ± 0.20 
aA 

3 7.61 ± 0.40bB 3 12.23 ± 0.50bC 

CS50 3 0.38 ± 0.02 cA 3 6.03 ± 0.30 cB 3 9.44 ± 0.47 cC 
CG50 3 0.18 ± 0.01bA 3 4.50 ± 0.23 dB 3 8.14 ± 0.41 cC 
CS-G50 3 0.13 ± 0.02bA 3 3.46 ± 0.20eB 3 6.73 ± 0.30 dC 
CS-G75 3 0.04 ± 0.01 

dA 
3 2.32 ± 0.30 fB 3 5.82 ± 0.30eC 

CS-G100 3 0.02 ± 0.00 
dA 

3 1.32 ± 0.20gB 3 4.03 ± 0.03 fC 

Note: Different capital letters in the same row mean the significant difference 
between different rainfall intensities (ANOVA, p < 0.05); Different lowercase 
letters in the same column mean the significant difference between different 
vegetation coverages (ANOVA, p < 0.05). 
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17.39 (CS-G100) to 2.27 (C0), which corresponds to an eightfold change 
(Table 3). There was no obvious rill development and turbulent condi
tions (Re < 500) on all slopes (Table 3). However, a considerable 
irregular flow pattern (Fr = 0.95) was observed under RI60 and slower 
overland flow velocities on all slopes covered with vegetation (Table 3). 
The increase in vegetation coverage led to the reduction in ω, P and the 
increase in τ under the same rainfall intensity. For instance, under RI60, 
the τ increased from 1.146 on the C0 plot to 1.272 on the CS-G100 plot, 
the P decreased from 0.016 to 0.006 and the ω declined by 58%. Flow 
depth increase due to the increasing vegetation coverage could lead to 
the increase in τ. The E was reduced with increasing vegetation coverage 
under RI60, while there were no significant change trend between E and 
vegetation coverage increase under both RI30 and RI90 (Table 3). 

3.3.2. Rainfall intensity and overland flow hydrodynamic characteristics 
The V, Re and Fr were all increased against the increase in rainfall 

intensity (Table 3). The mean overland flow velocity on the CS-G100 
plots under RI30, RI60, and RI90 was reduced by 71%, 62%, and 55% 
compared to the C0 plot, respectively. The Re of all plots with different 
coverages was between 5.24 and 49.78 for different rainfall intensities, 
indicating that all flows were laminar. Fr of all plots with different 
coverages was between 0.193 and 0.982 (<1.0), suggesting that all 
flows were slow. 

For the same coverage, the f decreased with the increase of rainfall 
intensity. The f of the CS-G100, CS-G75, CS-G50 plots under RI90 were 
only 20%–30% of that under RI30, indicating that the vegetation effect 
on flow resistance was smaller in the case of heavy rainfall (Table 3). 
Table 3 also shows that the τ, E, ω, and P increased with increasing 
rainfall intensities. Meanwhile, the overland flow pattern on the plot 
surface was in an unsteady state, and the variation range was also 
increasing with the increase of rainfall intensity. 

3.3.3. Overland flow hydrodynamics and soil erosion 
Mean sediment yield showed an increasing trend against shear stress 

(τ) under different shrub-grassland coverages (Fig. 5a, Table 3), which 
indicated that the soil erodibility increased with the increase of τ. The 
critical shear stress (τ0) of the CS-G100, CS-G75, CS-G50, CS-G25 and C0 
plots were 0.97, 0.94, 0.86, 0.57 and 0.52 N m− 2, respectively, indi
cating that the τ0 of vegetation covered plots was higher than that of 
bare plots and increased with increasing shrub-grass coverage. The 
sediment yield increased with the increase of ω and P (Fig. 5b and c). 
The increasing shrub-grassland coverage reduced the sediment yield and 
the stream power (Table 2, Table 3). The critical stream power (ω0) of 
the C0, CS-G25, CS-G50, CS-G75 and CS-G100 plots were 0.016, 0.016, 
0.015, 0.013 and 0.012 N m− 1•s− 1, and the critical unit stream power 
(P0) were 0.010, 0.009, 0.005, 0.004 and 0.003 m s− 1, respectively. 
From the energy point of view, the critical overland flow energy of soil 
erosion was different under different vegetation coverage, which 
increased with the increase of vegetation coverage. The critical unit 
energy of cross-section (E0) of the C0, CS-G25, CS-G50, CS-G75 and CS- 

G100 plots were 0.028, 0.028, 0.036, 0.038 and 0.039 cm, respectively 
(Fig. 5d). 

The ω and P on the CS-G100 plots under RI30, RI60, and RI90 was 
reduced by 50%, 58%, 51%, and 73%, 63%, 53% compared to the C0 

Fig. 4. Relationships between the mean sediment yield and vegetation 
coverage under rainfall intensity of RI30, RI60 and RI90, respectively. 

Table 3 
Hydrodynamic parameters under different experiment conditions.  

Rainfall intensity Vegetation coverage V (cm•s− 1) h (mm) Re Fr f E (cm) τ (N•m− 2) P (m•s− 1) ω (N•m− 1•s− 1) 

RI30 C0 4.29 ± 0.38 aA 0.24 11.19 0.88 2.66 0.034 0.614 0.011 0.026 
CS-G25 3.48 ± 0.38bA 0.25 9.07 0.70 4.20 0.031 0.635 0.009 0.022 
CS50 3.25 ± 0.40bA 0.25 8.88 0.66 4.81 0.030 0.636 0.008 0.021 
CG50 2.73 ± 0.34 cA 0.27 8.15 0.53 7.45 0.031 0.695 0.007 0.019 
CS-G50 1.91 ± 0.33 dA 0.38 7.79 0.32 20.87 0.040 0.956 0.005 0.018 
CS-G75 1.49 ± 0.16eA 0.39 6.18 0.24 35.62 0.040 0.988 0.004 0.015 
CS-G100 1.23 ± 0.11eA 0.41 5.24 0.19 55.36 0.042 1.051 0.003 0.013 

RI60 C0 6.35 ± 0.71 aB 0.45 30.47 0.95 2.27 0.066 1.146 0.016 0.073 
CS-G25 4.75 ± 0.83bB 0.45 23.49 0.71 4.07 0.057 1.150 0.012 0.055 
CS50 5.46 ± 0.96 cB 0.38 22.41 0.90 2.56 0.053 0.955 0.014 0.052 
CG50 4.34 ± 0.77bdB 0.45 21.29 0.65 4.85 0.055 1.142 0.011 0.050 
CS-G50 3.93 ± 0.72 dB 0.48 20.50 0.57 6.29 0.056 1.214 0.010 0.048 
CS-G75 3.05 ± 0.57eB 0.49 16.35 0.44 10.62 0.053 1.236 0.008 0.038 
CS-G100 2.42 ± 0.66 fB 0.50 13.20 0.35 17.39 0.053 1.272 0.006 0.031 

RI90 C0 7.43 ± 0.75 aC 0.58 49.78 0.98 2.15 0.087 1.482 0.019 0.110 
CS-G25 5.87 ± 0.54bC 0.67 44.75 0.73 3.94 0.084 1.697 0.015 0.100 
CS50 6.66 ± 0.48 cC 0.56 40.87 0.90 2.57 0.079 1.428 0.017 0.095 
CG50 5.30 ± 0.42 dC 0.68 39.42 0.65 4.93 0.083 1.731 0.014 0.092 
CS-G50 4.98 ± 0.59 dC 0.69 37.95 0.60 5.68 0.082 1.761 0.013 0.088 
CS-G75 4.34 ± 0.57eC 0.72 35.14 0.52 7.75 0.082 1.827 0.011 0.079 
CS-G100 3.32 ± 0.32 fC 0.86 31.88 0.36 15.80 0.091 2.174 0.009 0.072 

Note: Different capital letters in the same column mean the significant difference between different rainfall intensities (ANOVA, p < 0.05); Different lowercase letters in 
the same column mean the significant difference between different vegetation coverages (ANOVA, p < 0.05). 
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plot, respectively. At the same time, the sediment yields were reduced by 
98%, 87%, and 74% from the CS-G100 plot compared to the C0 plot 
under RI30, RI60, and RI90, respectively (Table 2, Table 3). Clearly, the 
stream power of overland flow decreased with the increase of vegetation 
coverage on the slope. Under extreme rainfall condition (RI90), vege
tation could still reduce the overland flow power and slow down the soil 
erosion. 

4. Discussion 

4.1. Effects of vegetation type and coverage on overland flow 

Vegetation posts a significant impact on the hydrological cycling by 
regulating soil infiltration and the overland flow (Pan et al., 2017; Qu 
et al., 2013; Sun et al., 2019; Zhang et al., 2014a). Four to thirteen 
percent reduction in overland flow from the shrub-grass community 
covered slopes compared with shrub only and grass only covered slopes 
under the same canopy coverage of 50% and such reduction from all 
shrub-grass slopes relative to the bare slopes ranged from 9% to 58% 
(Fig. 2). In contrast, the percentage increment in infiltration rate from all 
shrub-grass slopes relative to bare slopes were more than 45% (Fig. S1). 
The combined action of shrub and grass could increase surface rough
ness, reduce overland flow velocity, and then extend the soil infiltration 
time, increase the soil infiltration, and decrease the overland flow vol
ume more significantly than shrub only and grass only hillslopes do 
(Table 1, Fig. 2, Fig. S1) (Almeida et al., 2018; Gu et al., 2020; Zhao 

et al., 2019). In addition, the grass coverage exhibits a better water 
retention capacity than the shrub coverage, which is consistent with 
previous findings (Han et al., 2021; Zhao et al., 2019). 

A significant linear decrease in overland flow against the shrub-grass 
communities coverages under the same rainfall intensity (Fig. S2, 
Table 1) is consistent with previous findings for single lifeform vegeta
tion covered slopes (Han et al., 2021; Wei et al., 2014; Xiao et al., 2011b; 
Zhao et al., 2019). Under all the conditions of RI30, RI60 and RI90, the 
Darcy-Weisbach friction coefficient (f) with vegetation-covered slopes 
were all higher than those slopes without vegetation, and the flow 
generally occurred faster on low coverage plots than high coverage plots 
(Table 1), which is consistent with previous findings (Cai et al., 2021; 
Chen et al., 2018; Han et al., 2021; Liu et al., 2018). In addition, the 
overland flow pattern and the flow velocity slowed down, the Froude 
number (Fr) decreased, and the flow resistance coefficient increased 
with the increase of shrub-grass communities coverage. With the in
crease in flow depth (h), the frictional resistance also increased, then the 
pressure difference in the vortex area behind the vegetation in the 
backwater area after vegetation met the water surface also increased, 
and the slow-flow capacity increased significantly, which lead to the 
extension of the time to flow and the time of flow residence (Cai et al., 
2021; Zhang et al., 2021). 

Fig. 5. The relationships between the mean sediment yield and shear stress (τ) (a), stream power (w) (b), unit stream power (P) (c) and unit energy of cross section 
(E) (d), respectively, under different vegetation coverages. 
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4.2. Effects of vegetation on the overland flow hydrodynamics and soil 
erosion 

Vegetation type and coverage are essential factors that impact 
overland flow and sediment yield (Li et al., 2014; Lin et al., 2018; Zhang 
et al., 2014b). Compared with the shrub only and grass only covered 
slopes, sediment yield from mixed shrub and grass slopes was reduced 
by 20%–190% under the same conopy coverage of 50% (Table 2, Fig. 3) 
due to the increased surface roughness, reduced overland flow velocity 
and stream power as well as change the flow pattern (Table 3) (Han 
et al., 2021; Hou et al., 2014; Mohammad and Adam, 2010; Zhao et al., 
2019). In addition, the mean sediment yield decreased exponentially 
with the increase in vegetation coverage for the shrub-grass coverage 
under the same rainfall intensity (Fig. 4) indicating the significant role 
played in controlling soil erosion by vegetation cover (Gyssels et al., 
2005; Liu et al., 2014). In this study, when shrub-grass coverage rose 
from C0 to CS-G100, the sediment yield decreased by 87% for RI60, 
meanwhile the f increased eightfold, but the E, w, P decreased by 20%, 
58% and 62%, respectively (Table 2). That was because more energy 
from raindrops and overland flow were dissipated by overcoming the 
flow resistance and thus flow velocity reduced and less energy left for 
soil detachment and sediment transport against the increase in vegeta
tion coverage(Palucis et al., 2018; Papanicolaou et al., 2018; Sun et al., 
2019; Yang et al., 2016; Zhang et al., 2017). 

Rainfall intensity is an important direct factor affecting overland 
flow and sediment yield (Yan et al., 2018). The sediment yield increased 
significantly against the increase in rainfall intensity under the same 
vegetation coverage (Fig. 3, Table 2). The increase of rainfall intensity 
made the flow pattern become more rapid, significantly increased the 
flow velocity, and then increased the shear stress of overland flow, 
stream power and overland flow energy (Fig. 3), leading to the enhanced 
erosion capacity of overland flow (Mahmoodabadi and Sajjadi, 2016; 
Wu et al., 2017; Zhao et al., 2019). 

Mean sediment yield showed an increasing trend against τ, ω, P and E 
under different shrub-grass coverages (Fig. 5, Table 3). Meanwhile, the 
critical shear stress (τ0) and overland flow energy (E0) increased, while 
the critical stream power (ω0) and unit stream power (P0) decreased 
with the increase of vegetation coverage (Fig. 5). The increase in shrub- 
grass coverage increased surface roughness leading to the greater 
overland flow shear stress to reach the critical value and disperse soil 
particles at the early stages of rainfall events (Sirjani and Mahmooda
badi, 2014; Yu et al., 2010). Increase in the vegetation coverage 
increased the capacity of overland flow retention, reduced initial flow 
velocity and increased the overland flow depth, potential energy and 
critical initial flow energy (E0) and led to the reduction in the kinetic 
energy and the stream power of the overland flow (Palucis et al., 2018; 
Papanicolaou et al., 2018; Sun et al., 2019). 

4.3. Implications 

Overland flow and soil erosion from hillslopes in the real world 
involve complicated physical processes and multiple agents especially 
when the slopes are covered by vegetations (Krause et al., 2017; Sun 
et al., 2019). Alternatively, indoor rainfall simulations provide the most 
knowledge for understanding hydrodynamic processes of overland flow 
and soil erosion under different vegetative conditions(Cao et al., 2015; 
Zhou et al., 2008). In addition, such experimental data are valuble for 
calibrating and validating soil erosion models including the Universal 
Soil Loss Equation (USLE), Revised USLE (RUSLE) (Dissmeyer and Fos
ter, 1980; Zhang et al., 2011) and the Water Erosion Prediction Project 
(WEPP) (Dun et al., 2009; Elliot, 2004) even though such models involve 
also empirical equations as well. For instance, measured runoff and 
sediment yield from vegetated slopes can be used to calibrate and 
validate the vegetaton factors against the calculated soil loss by 
USLE/RUSLE model with fixed rainfall erosivity and slope factors. On 
the other hand, rainfall simulation generated hydrodynamic paramters 

such as flow shear stress can be directly used in phydical processes based 
WEPP model, unit stream power or stream power for EUROSEM, LISEM 
and GUEST models (Hao et al., 2017). 

In addition, mixed shrub and grass communities are very effective to 
conserve soil and water in water-limited and highland regions. Thus, 
establishing shrub-grass buffer zone on sloping farmland and stream 
banks can be used as a bioengineering approach to control the soil 
erosion and prevent riverbed scouring and reduce sediment entering the 
river channel (Dunn et al., 2011; Sun et al., 2019). Further, such mea
sures can also reduce the nitrogen, phosphorus and other nutrients from 
agricultural areas entering the river, forming a defense line to control 
non-point source pollution and ultimately achieve the sustainable 
management of watersheds with multiple land uses in dryland or 
highland regions (Dunn et al., 2011; Sun et al., 2019). 

5. Conclusion 

Understanding vegetation effects on the hillslope overland flow and 
soil erosion in a hydrodynamic approach is essential for developing 
sound soil and water conservation practices in water-limited and/or 
highland regions. Shrub-grass communities had better overland flow 
and sediment reduction benefits than shrub only and grass only covered 
slopes. The overland flow rate linearly decreased while the mean sedi
ment yield exponentially reduced against the increase in vegetation 
coverage under simulated rainfall. Overland flow volume and sediment 
load from vegetated slopes were reduced by 9%–58% and 27%–98%, 
respectively, compared with unvegetated slopes while the infiltration 
rate collectively increased by over 45%. Although the overland flow 
under all the experiment setup was laminar, the increase in vegetation 
coverage of the shrub-grass community effectively increased the resis
tance coefficient and significantly reduce the stream power, leading to 
reduced overland flow and soil erosion from the vegetative slope even 
under extreme rainfall. The flow velocity, the shear stress of overland 
flow, stream power and overland flow energy increased with the in
crease of rainfall intensity. We highlight that establishing shrub-grass 
community and increasing the vegetation coverage is an effective 
measure to conserve soil and water in water-limited and highland 
regions. 
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Cerdà, A., 2007. Soil water erosion on road embankments in eastern Spain. Sci. Total 
Environ. 378, 151–155. https://doi.org/10.1016/j.scitotenv.2007.01.041. 

Chen, H., Zhang, X.P., Abla, M., Lü, D., Yan, R., Ren, Q.F., Ren, Z.Y., Yang, Y.H., Zhao, W. 
H., Lin, P.F., Liu, B.Y., Yang, X.H., 2018. Effects of vegetation and rainfall types on 
surface runoff and soil erosion on steep slopes on the Loess Plateau, China. Catena 
170, 141–149. https://doi.org/10.1016/j.catena.2018.06.006. 

Dissmeyer, G.E., Foster, G.R., 1980. A Guide for Predicting Sheet and Rill Erosion on 
Forest Land. USDA Forest Service, Atlanta, GA. Tech. Publ. No. SA-TP-11.  

Dlamini, P., Orchard, C., Jewitt, G., Lorentz, S., Titshall, L., Chaplot, V., 2011. 
Controlling factors of sheet erosion under degraded grasslands in the sloping lands of 
KwaZulu-Natal, South Africa. Agr. Water Manage 98, 1711–1718. https://doi.org/ 
10.1016/j.agwat.2010.07.016. 

Dun, S.H., Wu, J.Q., Elliot, W.J., Robichaud, P.R., Flanagan, D.C., Frankenberger, J.R., 
Brown, R.E., Xu, A.C., 2009. Adapting theWater erosion prediction Project (WEPP) 
model for forest applications. J. Hydrol. 366, 46–54. https://doi.org/10.1016/j. 
jhydrol.2008.12.019. 

Dunn, A.M., Julien, G., Ernst, W.R., Cook, A., Doe, K.G., Jackman, P.M., 2011. Evaluation 
of buffer zone effectiveness in mitigating the risks associated with agricultural runoff 
in Prince Edward Island. Sci. Total Environ. 409, 868–882. https://doi.org/10.1016/ 
j.scitotenv.2010.11.011. 

Elliot, W.J., 2004. WEPP Internet interfaces for forest erosion prediction. J. Am. Water 
Resour. Assoc. 40, 299–309. https://doi.org/10.1111/j.1752-1688.2004.tb01030.x. 

Espigares, T., Heras, M., Nicolau, J., 2011. Performance of vegetation in reclaimed slopes 
affected by soil erosion. Restor. Ecol. 19, 35–44. https://doi.org/10.1111/j.1526- 
100X.2009.00546.x. 

Foster, G.R., Huggins, L.F., Meyer, L.D., 1984. A laboratory study of rill hydraulics: II. 
Shear stress relationships. J. Tribol-T ASME 27, 797–804. 

Gu, C., Mu, X., Gao, P., Zhao, G.J., Sun, W.Y., Tan, X.J., 2020. Distinguishing the effects 
of vegetation restoration on runoff and sediment generation on simulated rainfall on 
t he hillslopes of the loess plateau of China. Plant Soil 447, 393–412. https://doi. 
org/10.1007/s11104-019-04392-4. 

Gyssels, G., Poesen, J., Bochet, E., Li, Y., 2005. Impact of plant roots on the resistance of 
soils to erosion by water: a review. Prog. Phys. Geogr. 29, 189–217. 

Han, D.D., Deng, J.C., Gu, C.J., Mu, X.M., Gao, P., Gao, J.J., 2021. Effect of shrub-grass 
vegetation coverage and slope gradient on runoff and sediment yield under 
simulated rainfall. Int. J. Sediment Res. 36, 29–37. https://doi.org/10.1016/j. 
ijsrc.2020.05.004. 

Hao, H.X., Guo, Z.L., Wang, X.Z., Zhan, H.G., Ma, R.M., Li, Z.X., Jiang, J., 2017. Rill 
erosion process on red soil slope under interaction of rainfall and scouring flow. 
Trans. CSAE 33, 134–140. https://doi.org/10.11975/j.issn.1002-6819.2017.08.018 
(In Chinese).  

Hou, J., Fu, B., Wang, S., Zhu, H., 2014. Comprehensive analysis of relationship between 
vegetation attributes and soil erosion on hillslopes in the Loess Plateau of China. 
Environ. Earth Sci. 72, 1721–1731. https://doi.org/10.1007/s12665-014-3076-1. 

Huang, Z., Chen, L., Fu, B., Lu, Y., Huang, A., Gong, J., 2006. The relative efficiency of 
four representative cropland conversions in reducing water erosion: evidence from 
longterm plots in the Loess Plateau, China. Land Degrad. Dev. 17, 615–627. https:// 
doi.org/10.1002/ldr.739. 

Huo, Y., Bi, H., Zhu, Y., Xu, H., Wang, X., Chang, Y., 2015. Characteristics of artificial 
rainfall produced by QYJY-503C simulation system. Sci. Soil Water Conserv 13, 
31–36. https://doi.org/10.3969/j.issn.1672-3007.2015.02.005 (In Chinese).  

Iuss Working Group Wrb, 2015. World Reference Base for Soil Resources 2014, Update 
2015. International Soil Classification System for Naming Soils and Creating Legends 
for Soil Maps. FAO, Rome. World Soil Resources Reports.  
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