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A B S T R A C T

Vegetation cover can effectively prevent soil erosion and plays an important role in soil and water conservation.
Accurate estimation of the sediment transport capacity (Tc) is critical for soil erosion models. Tc data for dif-
ferent levels of vegetation cover, however, are quite limited. The objectives of this study were to evaluate the
influence of stem basal cover, slope gradient and discharge on the transport capacity of overland flows for Tc
prediction. A non-erodible flume (5m long and 0.37m wide) was used in this study. The discharge ranged from
0.5× 10−3 to 2× 10−3 m3 s−1, the slope gradient was from 8.8% to 25.9% and an artificial stem basal cover of
0, 1.25%, 2.5%, 5%, 10%, 15%, 20%, 25% and 30% was used to represent the natural vegetation. Stems 2mm in
diameter were randomly arranged. The sediment size for the experiment ranged from 0.25 to 0.59mm with a
median diameter of 0.35mm. The results show that the measured Tc decreased exponentially as the stem basal
cover increased, and the rate of decrease was far greater than what has been reported in the literature. The
transport capacity was affected more by the stem basal cover than by slope and discharge when the cover
exceeded approximately 2–3%. The research shows that the surface or stem basal cover plays a critical role in
reducing the transport capacity of overland flows.

1. Introduction

Soil erosion is a global issue because of its severe adverse economic
and environmental impacts. Soil erosion is defined as the process of
detachment and transport of soil material by erosive agents (Ellison,
1947). The rate of soil erosion depends mainly on the detachment of
soil particles and the transport capacity of overland runoff (Borrelli,
2013; Julien and Simons, 1985; Lal, 1998). Sediment transport capacity
is the maximum sediment load that a flow can carry given particular
discharge, slope, surface roughness, and sediment size, among other
conditions (Huang et al., 1999; Li and Abrahams, 1999; Zhang et al.,
2009). Sediment transport capacity is pivotal to sediment delivery and
deposition, and its determination is widely considered and im-
plemented in soil erosion models (De Roo, 1996; Mahmoodabadi et al.,
2014a; Nearing et al., 1989; Yu et al., 2015; Zhang et al., 2009).

Many studies of the sediment transport capacity have been under-
taken and several equations for calculating the sediment transport ca-
pacity of overland flows have been developed (Abrahams et al., 1998;

Ali et al., 2012; Finkner et al., 1989; Govers, 1990; Guy et al., 2009; Wu
et al., 2018; Zhang et al., 2009). Different experimental materials and
methods to measure the transport capacity have been used to simulate
natural overland flows. Experimental materials include mainly non-
cohesive soil (Ali et al., 2012; Zhang et al., 2009) and cohesive soil (Lei
et al., 2001; Mahmoodabadi et al., 2014a). The main methods include
non-erodible (Zhang et al., 2009; Zhang et al., 2011b) and erodible bed
conditions (Ali et al., 2012; Lei et al., 2001; Mahmoodabadi et al.,
2014a). Different hydraulic variables have been used to determine the
sediment transport capacity. One of the most frequently used variables
is the shear stress (Ali et al., 2012; Finkner et al., 1989; Govers et al.,
1992; Zhang et al., 2009). Foster and Meyer (1972) found that the Yalin
equation (Yalin, 1963) was suitable to determine the transport capacity
of overland flows based on the basic runoff transport capacity equation
in the erosion model of Meyer and Wischmeier (1969):

=τ ρgRS (1)

where τ is the shear stress of flow (Pa), ρ is the water mass density
(kg m−3), g is the acceleration due to gravity (m s−2), S is the slope

https://doi.org/10.1016/j.geoderma.2018.09.055
Received 16 April 2018; Received in revised form 26 September 2018; Accepted 29 September 2018

⁎ Corresponding author at: Faculty of Geographical Science, Beijing Normal University, Beijing 100875, PR China.
E-mail address: suhua@bnu.edu.cn (S. Fu).

Geoderma 337 (2019) 384–393

0016-7061/ © 2018 Published by Elsevier B.V.

T

http://www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2018.09.055
https://doi.org/10.1016/j.geoderma.2018.09.055
mailto:suhua@bnu.edu.cn
https://doi.org/10.1016/j.geoderma.2018.09.055
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2018.09.055&domain=pdf


steepness, or the tangent of the slope angle (mm−1), and R is the hy-
draulic radius (m). Bagnold (1966) believed that the flow would use
available energy to transport the sediment; stream power, or the energy
expenditure per unit time, could therefore be an important variable that
determines the sediment transport capacity (Bagnold, 1966; Li and
Abrahams, 1999; Mahmoodabadi et al., 2014a; Yu et al., 2015; Zhang
et al., 2009):

=ω τV (2)

where ω is the stream power (kg s−3), V is the mean flow velocity
(m s−1), and τ is the shear stress of flow (Pa). In addition, the effective
stream power (Ali et al., 2012; Everaert, 1991; Govers, 1990), unit
stream power (Ali et al., 2012; Govers, 1990; Shih and Yang, 2009) and
discharge and the slope gradient (Govers and Rauws, 1986; Julien and
Simons, 1985; Prosser and Rustomji, 2000; Zhang et al., 2009) are
commonly used to represent the flow hydraulics to calculate the
transport capacity. Not only different hydraulic variables have been
used to predict the transport capacity of overland flows, parameter
values to quantify these relationships area also different, mostly be-
cause of the different soils and sediments used; of the differences in
experiment design, particularly the range of flow rate and slope
steepness, and of other conditions that are not well controlled such as
surface roughness and soil properties.

Vegetation, which is effective in preventing soil erosion, plays an
important role in soil and water conservation (Braud et al., 2001; Pan
et al., 2010; Rogers and Schumm, 1991; Zhang et al., 2011a; Zhao et al.,
2016). Vegetation effectively reduces rainfall energy and runoff and
increases land surface roughness, which decreases flow velocity (Fathi-
Maghadam and Kouwen, 1997; Liu et al., 2013; Nanson and Beach,
1977; Wu et al., 2011; Zhang et al., 2018). The results presented by Pan
and Shangguan (2006) indicate that the above-ground parts of grasses
significantly decreases the sediment yield. The relationship between
vegetation cover and soil erosion has been described using both linear
and exponential functions (Noble, 1965; Ouyang et al., 2010;
Wischmeier, 1959; Zhou et al., 2006). The relationship between vege-
tation cover and soil erosion under different land-use patterns is shown
in Table 1. These studies were conducted mainly under rainfall and
using field plots with gentle slopes. The slope gradient was constant for
these studies, and the effect of the slope gradient was measured con-
tinuously throughout the simulated rainfall event (Pan et al., 2010). An
exponential decay function has been extensively used to describe the
decrease in soil erosion with vegetation cover for different rainfall in-
tensities (Table 1). Traditional studies of vegetation cover considered
the combined effect of leaves and stems, while the separate effect of
canopy cover or that of stem basal cover on soil erosion has not been
extensively investigated. Zhao et al. (2016) finds that vegetation stems
function as the dominant roughness element in overland flow, and they
greatly control soil erosion. Soil loss is most severe from cultivated land
on steep slopes in China and elsewhere in the world. The land surface in
cultivated areas is covered mainly with crop stems. Crop stems can
intercept runoff and decrease soil erosion effectively once the overland
flow has formed. Thus, vegetation stems may greatly impact the
transport capacity of overland flows, especially on cultivated land.
However, few studies have examined the effect of vegetation stems on
the transport capacity of overland flows.

The objectives of this study are to quantify the effect of vegetation
stems on the transport capacity of overland flows for a range of dis-
charge and slope steepness, to better understand the mechanism un-
derlying the role of above-ground vegetation stems in soil and water
conservation, and to aid in the design of effective vegetation measures
to control soil erosion on steep cropland. In addition, this study pro-
vides a complete experimental data set as a reference and such a data
set could be used to test and improve the prediction accuracy of soil
erosion models.

2. Materials and methods

2.1. Experimental conditions and treatments

This study was conducted at the Fangshan experimental station of
Beijing Normal University. The experiments on the sediment transport
capacity of overland flows were carried out in a flume (5.0 m long and
0.37m wide) with a smooth Plexi-glass floor and glass walls (Fig. 1).
The bed slope of the flume could be manually adjusted from 0 to 60%.
The flume consisted of a 2.4-m-long section covered with vegetation
stems and a 2.3-m-long bare section with a layer of sieved sediment, the
top 0.3 m was used to house the water tank. To simulate the effect of
vegetation stem on the sediment transport capacity of overland flows,
Gramineae stems were chosen to ensure that the vegetation stems could
protrude through the overland flow. The Gramineae stems all had a
diameter of 2mm and a total height of 12mm. The stems were artificial
and had similar flexibility to those from natural vegetation stems.
Moreover, the Gramineae stems can be reused. The basal cover and
layout of Gramineae stems can be more easily controlled than those of
natural vegetation stem. According to the typical vegetation cover on
the Loess Plateau, China, the stem basal cover used in this study was
approximately 0, 1.25%, 2.5%, 5%, 10%, 15%, 20%, 25% and 30% and
were controlled by the total number of stems and the stem diameter
(Table 2). For each level of plant basal cover, a plastic mesh with
punched holes was used to secure the artificial Gramineae stems, and
the mesh was then placed on the flume bed covered with oil paint. A
thick layer of the sieved sand was added into the paint to increase the
bed roughness. The stems were glued to the flume bed when the paint
was dry, and the bed material for areas not covered with stems was the
same as that used for the experiment to measure the sediment transport
capacity. The stems were arranged in a random pattern (Fig. 2a), and
the stem basal cover of 30% brought about nearly 100% canopy cover
(Fig. 2b). The bare ‘ground’ between the stems (70%) cannot be seen
from above the artificial stems because the artificial Gramineae stems
are flexible enough to conceal the bare ground surface for a closed
canopy.

Sand-laden flow was supplied to the flume to fully simulate over-
land flow on a natural slope. The sediment, which was collected from
the bed of the Yongding River near Beijing, was air dried and first
passed through a 2mm sieve to remove gravel and residues. The sand
that passed through 0.59mm sieve but not 0.25mm sieve was used as
the experimental material. The particle size distributions of the ex-
perimental sand are presented in Table 3; the median diameter (d50)
was 0.35mm.

The experimental flume was adjusted to 8.7%, 17.4% and 25.9%,
which correspond to the common slope gradient found in the Loess
Plateau region. Three discharges were used, i.e., 0.5× 10−3,
1.0× 10−3 and 2.0× 10−3 m3 s−1. These correspond to overland flow
from areas of 4m wide and 9–36m long with a steady state rainfall
intensity of 50mmh−1 to contextualize the magnitude of the discharge
applied. The discharge was controlled by a series of valves installed in a
flow diversion box (Fig. 1). The discharge was collected at the lower
end of the flume using plastic buckets and was measured with a volu-
metric cylinder.

2.2. Experimental measurements

Flow rate, slope gradient and stem basal cover were adjusted to the
designated values prior to sediment introduction. The sediment was
delivered from a sediment delivery machine that was designed to en-
sure that the transport capacity was reached for each combination of
flow discharge, slope gradient and stem basal cover (Fig. 1). The sedi-
ment delivery machine was installed over the flume at a distance of
0.5 m from the top. The sediment feeding rate was controlled by the
rotation speed of the rotor and the degree of openness installed within
the sediment delivery machine. The sediment feeding rate was adjusted
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at the beginning of each test and remained fixed during each test. Once
the flow velocity and depth were measured, the sediment delivery
machine operated until not all of the sediment could be carried and
deposition was observed to occur 0.3 m above the outlet, at which point
the transport capacity was assumed to have been reached.

Five samples per experiment were collected as quickly as possible
using plastic buckets to avoid excessive erosion in the flume. The
sampling duration was recorded using a digital stopwatch and was
adjusted depending on the flow rate (longer duration for small dis-
charge and shorter duration for higher values) within the range of

Table 1
Relationship between vegetation cover and soil erosion rate.

Type of
vegetation cover

Equation Units of soil
erosion (E)

Experiment site Experiment
condition

Rainfall intensity Slope gradient Reference

Grass, bushes
and trees

E=0.0668e−0.0235C cm y−1 Field Natural rainfall – – Dunne et al.,
1978

E=0.9258e−0.0168C – Field Natural rainfall – – Rickson and
Morgan, 1988

Grasses E=433.43+3920.44e−0.037C,
R2=0.56

kg ha−1 Plywood boxes Natural rainfall 468mmy−1 8.5° Dadkhah and
Gifford, 1980

E=10.4856e−0.0300C, R2=0.25
E=34.1240e−0.0300C, R2=0.37

gm−2 Field plots Simulated
rainfall

33mmh−1 1–2° Snelder and
Bryan, 1995

E=653.27e−0.0455C, R2=0.62 gm−2 Field plots Simulated
rainfall

69mmh−1 – Moore et al.,
1979

E=64.4240e−0.0477C, R2=0.99
E=16.857e−0.0593C, R2=0.96
E=335.38e−0.0694C, R2=0.98

t ha−1 Field Natural rainfall – – Lang, 1990

E=40.480e−0.076C t ha−1 Field plots Simulated
rainfall

130mmh−1 15% Loch, 2000

Pasture E=0.6667e−0.0435C kg ha−1 Field Natural rainfall – 4.5% Elwell and
Stocking, 1976

E=0.9559e−0.0527C Field plots Natural rainfall – 4° Elwell and
Stocking, 1974

E=5.4172e−0.0411C, R2=0.99
E=5.5669e−0.0816C, R2=0.99

g L−1 Field Simulated
rainfall

– – Francis and
Thornes, 1990

E=19.072e−0.0708C, R2=0.90 t ha−1 Field plots Natural rainfall – 4–8% Silburn et al.,
2011

Rock fragment E=3.638e-0.0704C, R2=0.97
E=38.824e-0.0545C, R2=0.98
E=125.6e-0.0602C, R2=0.96

Mg ha−1 h−1 Field plots Simulated
rainfall

50mmh−1;
100mmh−1;
150mmh−1

1–5% Martínez-Zavala
and Jordán, 2008

Cultivated land E=136e−0.0790C, R2=0.86 – Field Simulated
rainfall

65mmh−1 – Kainz, 1989

E=765.134e−0.0840C, R2=0.37 gm−2 Field plots Simulated
rainfall

72mmh−1 0.4–13.8% Laufer et al., 2016

Note: the equations reflect the combined effect of both above-ground (stems and leaves) and below-ground (roots) biomass. C, vegetation cover (%); E, rate of soil
erosion.

Fig. 1. Experimental setup to measure the sediment transport capacity.
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3–10 s. The collected samples were allowed to settle for 24 h, and the
clear supernatant was decanted from the containers. The remaining wet
sediment was oven dried at 105 °C for 24 h. The dry sediment weight
was divided by the sampling duration and the flume width to obtain the
sediment discharge per unit width. The average sediment discharge in
kgm−1 s−1 of the five samples was used as the representative transport
capacity for the given combination of flow rate, slope gradient and stem
basal cover (Table 4). The sediment transport capacity was measured
for a total of 81 combinations.

2.3. Data analysis

Vegetation stem basal cover was computed by area of stems and
flume bed:

=C NπD
WL4

2

(3)

where C is the fractional vegetation stem basal cover (−), N is the total
number of stems basal over the flume area (Table 2), D is the stem
diameter (2×10−3 m), W is the flume width (0.37m), and L is the
vegetated length (2.4 m). The unit flow discharge was then computed
by dividing the flow discharge by W:

=q Q W/ (4)

where q is the unit discharge (m2 s−1) and Q is discharge (m3 s−1). The
hydraulic radius (R) was defined as the ratio of the cross-sectional area
to the wet perimeter:

=R A P/ (5)

cross-sectional area A (m2) and wet perimeter P (m) were calculated as
follows:

= ∗A W H (6)

= +P H W2 (7)

where H is flow depth (m).
The following statistical indicators were used to evaluate the per-

formance of the transport capacity equations:

i) The absolute mean error, AME:

=

∑ −
=AME

O P|( )|

n
i

n

i i
1

(8)

where Oi the observed, Pi the predicted value, and n the sample size.

ii) The root mean square error, RMSE:

=
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(9)

iii) The root mean square error relative to the mean, RRMSE:

=
∑ −

=RRMSE
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m

1
2

(10)

where Om is the mean of the observed values.

iv) The Nash–Sutcliffe coefficient of efficiency, NSE:

=
∑ − − ∑ −

∑ −
= =

=

NSE
O O P O

O O
( ) ( )

( )
i i m i i i

i i m
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n 2

1
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v) The coefficient of determination, R2:

=
∑ − −

∑ − ∑ −
=

= =

R
O O P P
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[ ( )( )]

( ) ( )
i i m i m

i i m i i m

2 1
n 2

1
n 2

1
n 2 (12)

where Pm is the mean of the predicted value.
The sediment transport capacity as a function of the slope gradient,

unit flow discharge, and stem basal cover was analysed with nonlinear
regression models. The influence of the slope gradient, flow discharge,
and stem basal cover on the transport capacity was examined using
analysis of variance (ANOVA). All analyses were conducted using SPSS
(Statistical Product and Service Solutions) software (version 20.0) at
the 0.05 significance level.

The following sensitivity index was used to evaluate the sensitivity
of a parameter:

Table 2
Nine levels of stem basal cover used in the experiment.

Stem basal cover (%) 0 1.25 2.5 5 10 15 20 25 30

Number of stems 0 3535 7070 14,141 28,280 42,420 56,561 70,701 84,841

Fig. 2. Arial view of the artificial Gramineae stem basal cover. (a): C=1.25%, (b): C=30%.

Table 3
Particle size distribution of the sediment used in the experiment.

Size (mm) <0.05 0.05–0.1 0.1–0.25 0.25–0.5 > 0.5

Distribution (%) 0.23 0.36 7.97 69.02 21.73
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0 0

0 0 (13)

where x0 is the calibrated parameter value, and x is an adjusted para-
meter value and was changed by± 10% based on the x0 value. The
change in the parameter value (Δx= x–x0) led to a variation in model
output from y0 to y. The ratio of Δy (i.e., y–y0) to Δx is an approximation
of the partial derivative of the model output with respect to the model
parameters, and is commonly used as a straightforward measure of
model sensitivity (Saltelli et al., 2004). In this study, the ratio of Δy/y0
to Δx/x0 was used as a measure of the relative sensitivity of predicted
sediment transport capacity to stem basal cover, slope gradient and
discharge. The relationship between transport capacity (Tc) and stem
basal cover (C), slope gradient (S) and unit flow discharge (q) was as-
sumed to follows:

= −Tc aS q eb m kC (14)

where a and k are constants, b and m are the exponent of slope (S) and
unit discharge (q), respectively. It is mathematically trivial to show that
the sensitivity index so defined is the exponent b with respect to S, and
m with respect to q. This implies that the sensitivity index for Tc in
relation to slope and discharge is constant, and does not vary with S and
q. On the other hand, the sensitivity index with respect to stem basal
cover (C) is -kC.

3. Results

3.1. Sediment transport capacity with no basal cover

The measured sediment transport capacity (Tc) ranged from 0.104
to 5.032 kgm−1 s−1 for 0 stem basal cover. Tc was significantly af-
fected by discharge and slope gradient (p < 0.01) and increased with
the increasing discharge and slope gradient (Table 4). Nonlinear re-
gression analysis between sediment transport capacity and unit dis-
charge and slope gradient when C=0 were carried out and Eq. (15)
was obtained:

= = =Tc S q R NSE6657.972 0.97 0.960
1.493 0.979 2 (15)

where Tc0 is the transport capacity for 0 stem basal cover (kg m−1 s−1),
S is the slope gradient (mm−1), and q is the unit discharge (m2 s−1). Eq.
(15) fitted the measured transport capacity quite well with an R2 value
of 0.97, NSE of 0.96, AME of 0.06 kgm−1 s−1, RMSE of 0.30 kgm−1 s−1

and RRMSE of 0.17 (Table 5, Fig. 3). Similarly, the sediment transport
capacity can be expressed as a function of the stream power when
C=0:

= = =Tc ω R NSE0.166 0.95 0.950 0
1.336 2 (16)

where ω0 is stream power for 0 stem basal cover (kg s−3). The measured
Tc was well predicted by the stream power, with an R2 value of 0.95,
NSE of 0.95, AME of 0.05 kgm−1 s−1, RMSE of 0.37 kgm−1 s−1 and
RRMSE of 0.21 (Table 6).

3.2. Effect of stem basal cover on sediment transport capacity

The measured sediment transport capacity (Tc) ranged from 0.000
to 3.208 kgm−1 s−1 for stem basal cover> 0 (Table 4). The stem basal
cover of 1.25–30% resulted in a decrease of 45–99% in Tc compared
with Tc0. Tc was a power function of the stem basal cover for each
combination of the slope gradient and discharge with the R2 value
ranging from 0.96 to 0.98. The transport capacity decreased rapidly in
the presence of vegetation stems in the flume, especially when the stem
basal cover exceeded 5% (Fig. 4). The sediment could not be trans-
ported when the stem basal cover exceeded 20% and the slope was
8.8%. To evaluate the effect of stem basal covers on the transport ca-
pacity, the transport capacity under different stem basal cover was
normalized to eliminate the effect of the slope gradient and discharge.
The relative sediment transport capacity (RT) under different stem basal
covers were calculated using Eq. (17) for the same combination of a
slope gradient and discharge.

=R Tc Tc/T 0 (17)

where Tc and Tc0 represent the transport capacity at a given stem basal
cover and at 0 stem basal cover, respectively, and Tc0 was calculated
using Eq. (15). RT equals 1 when C=0, and RT < 1 when C > 0. RT

decreases with the stem basal cover as shown in Fig. 5. RT decreases
sharply when the stem basal cover is< 10% and then decreases slowly
when the stem basal cover exceeds 10% (Fig. 5). An exponential re-
lationship was developed between RT and stem basal cover.

= − =R C Rexp( 0.495 ) 0.92T
2 (18)

where C is the stem basal cover (%). Combining Eq. (17) and Eq. (18)
leads to the following equation for the sediment transport capacity for
all 81 slope-discharge-cover combinations:

= − = =∗Tc Tc C R NSEexp( 0.495 ) 0.92 0.860
2 (19)

Eq. (19) adequately predicts the measured transport capacity
(Fig. 6), with an R2 value of 0.92, NSE of 0.86, AME of 0.07 kgm−1 s−1

and RMSE of 0.21 kgm−1 s−1.

3.3. The effect of stem basal cover, slope gradient and discharge on sediment
transport capacity

The measured sediment transport capacity for different stem basal
cover, slope gradient, and flow discharge are presented in Table 4. The
minimum transport capacity was 0 kgm−1 s−1 because the overland
flow could not transport any sediment under a high stem basal cover
and a gentle slope. The measured transport capacity decreased with the
increasing stem basal cover and increased as the discharge and slope
gradient increased (Fig. 4). The transport capacity was greatly affected
by the stem basal cover, slope and discharge (P < 0.01). Sensitivity
analysis based on the first order difference was used to indicate the
relative importance of each of the three factors, namely the stem basal
cover, slope, and discharge. The relative change in the transport

Table 4
Measured sediment transport capacity (kgm−1 s−1) under different combinations of stem basal cover, flow discharge and slope gradient.

Slope gradient
(mm−1)

Flow discharge
(10−3 m3 s−1)

Stem basal cover (%)

0 1.25 2.5 5 10 15 20 25 30

8.8 0.5 0.104 0.069 0.032 0.018 0.009 0.000 0.000 0.000 0.000
1.0 0.260 0.140 0.061 0.030 0.019 0.006 0.000 0.000 0.000
2.0 0.744 0.315 0.141 0.050 0.026 0.008 0.000 0.000 0.000

17.4 0.5 0.556 0.481 0.211 0.158 0.066 0.041 0.022 0.014 0.000
1.0 1.421 0.863 0.313 0.216 0.106 0.055 0.030 0.019 0.000
2.0 3.545 1.759 0.707 0.471 0.171 0.083 0.044 0.032 0.018

25.9 0.5 1.315 0.892 0.747 0.425 0.197 0.121 0.072 0.063 0.043
1.0 3.024 1.918 1.057 0.649 0.319 0.163 0.111 0.097 0.097
2.0 5.032 3.208 2.024 1.276 0.475 0.305 0.214 0.105 0.130
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capacity for given relative changes in these factors can be written as
follows:

=
T S

T S
Δ

Δ
1.493C

C (20)

=
T q

T q
Δ

Δ
0.979C

C (21)

= −
T C

T C
CΔ

Δ
0.495C

C (22)

For given relative change in the slope and unit discharge, the re-
lative change in the transport capacity is constant (Eqs. (20), (21)). The
sediment transport capacity is more sensitive to the slope gradient than
to discharge. For the stem basal cover, the relative change in the
transport capacity for a given relative change in stem basal cover is a
linear function of the stem basal cover (Eq. (22)). The higher the level
of cover, the more sensitive the transport capacity is to change in the
cover in relative terms. The sensitivity analysis results show that when
the stem basal cover exceeds approximately 2%, the effect of stem basal
cover will be greater than that of discharge on the transport capacity,
and when the stem basal cover is more than about 3%, the effect of the
stem basal cover is greater than that of slope gradient. This comparison
based on sensitivity analysis indicates that the vegetation cover affects
the sediment transport greatly, especially when the level of cover is
high.

4. Discussion

4.1. Performance of equations on sediment transport capacity with no basal
cover

There were numerous studies of the sediment transport capacity
without basal cover (Abrahams et al., 1998; Ali et al., 2012; Prosser and
Rustomji, 2000; Govers, 1990; Lei et al., 2001; Mahmoodabadi et al.,
2014a; Mahmoodabadi et al., 2014b; Wu et al., 2018; Zhang et al.,
2011a, 2011b). However, the experiment results showed some differ-
ences because of the different experimental conditions and different
materials used. It is of importance that the experiment data are as ac-
curate and experiment results are as reproducible as possible. Since the
experimental method for this study was the same as that in Zhang et al.
(2011b) and similar sediments in terms of the particle size were used in
both experiments, the predicted transport capacity of this study was
compared with the Tc predicted by Zhang et al. (2011b). The predicted
Tc values using the equations from Zhang et al. (2011b), especially the
one for a median diameter of 0.41mm, were close to that from Eq. (16)
in this study for the same value of stream power (Fig. 7). The medianTa
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Fig. 3. Comparison between measured and predicted (using Eq. (15)) transport
capacity.
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particle size affected the relationship between the sediment transport
capacity and stream power. This resulted in the differences in the ex-
ponent for stream power for different median diameters, it does coin-
cide with that provided by Mahmoodabadi et al. (2014b). Table 6
shows the performance of the equations compared with the measured
transport capacity in this study. The results show that the equation for
sediments with a median diameter of 0.41mm has the same level of
accuracy as Eq. (16) with a median diameter of 0.35mm from this
study. The NSE values were 0.94 and 0.95, and the RMSE were 0.39 and
0.37 for a median diameter of 0.41mm and 0.35mm, respectively
(Table 6). These results indicate that the experimental methods and

data of this study and those of Zhang et al. (2011b) are consistent and
reproducible.

The sediment transport capacity could be predicted by a power
function (Eq. (15)) of the unit discharge, and slope gradient when
C=0. The exponent values for the unit flow discharge and slope gra-
dient in this study were 0.979 and 1.493, respectively, and were in the
range between 0.82 and 2.0 reported by Prosser and Rustomji (2000).
Table 5 shows that the equation from Zhang et al. (2011b), developed
with non-eroding beds, provided higher NSE, and R2 and lower RMSE,
which were close to those from Eq. (15) in this study. This finding

Table 6
Performance of various empirical equations for the sediment transport capacity (kg m−1 s−1) under independent variables of stream power without cover.

Reference Equation d50
(mm)

Flume scale
(m2)

Slope
(mm−1)

Unit discharge
(10−3 m2 s−1)

Experiment
condition

Experiment
material

AME
(kg m−1 s−1)

RMSE
(kg m−1 s−1)

RRMSE NSE R2

Zhang et al.,
2011b

Tc=0.238ω1.266 0.10 5× 0.4 8.8–46.6 0.66–5.26 Non-eroding
bed

Sand 0.50 0.64 0.36 0.84 0.95
Tc=0.178ω1.413 0.22 0.52 0.76 0.43 0.78 0.94
Tc=0.141ω1.423 0.41 0.08 0.39 0.22 0.94 0.94
Tc=0.117ω1.435 0.69 0.20 0.47 0.26 0.91 0.94
Tc=0.095ω1.441 1.16 0.48 0.75 0.42 0.78 0.94

This study Tc0= 0.166ω0
1.336 0.35 5× 0.37 8.8–25.9 1.35–5.41 Non-eroding

bed
Sand 0.05 0.37 0.21 0.95 0.95

Note: Tc, sediment transport capacity (kg m−1 s−1); ω, stream power (kg s−3); d50, the median diameter (mm); AME, absolute mean error (kgm−1 s−1); RMSE, root
of the mean squared error (kg m−1 s−1); RRMSE, relative root mean square error; NSE, Nash-Sutcliffe efficiency coefficient; R2, coefficient of determination.
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indicates that similar experimental conditions provided similar results.
However, the equations from Ali et al. (2012) and Mahmoodabadi et al.
(2014a), developed with eroding beds, resulted in lower NSE values
(Table 5). This finding implies that the transport capacity equation
obtained using an eroding bed was not compatible with the current
study. The possible reason is that micro-rills could form on an eroding
bed, which would increase the surface roughness and alter the hy-
draulic conditions. In addition, Table 5 shows that the exponent for the
slope is greater than that for the unit discharge from this and other
studies. This finding indicates that the slope plays a more important
role in determining sediment transport capacity than discharge when
C=0.

4.2. Comparison of the relationship between vegetation cover and sediment
transport capacity

Soil surface conditions such as vegetation and rock fragment cover
greatly affect runoff generation and erosion (Papy and Douyer, 1991;
Auzet et al., 1995). Soil loss is reduced as the vegetation cover is in-
creased (Benito et al., 2003; Pan and Shangguan, 2006). In this study,
the measured transport capacity also decreased with the increasing
stem basal cover. However our results are different from those pre-
sented by Bunte and Poesen (1993), who showed that the sediment
yield increased with the rock fragment cover up to approximately 20%
and then decreased as the percent cover exceeded 20%. The different
results could be caused by the different experimental methods. In the
experiments of Bunte and Poesen (1993), a highly erodible sediment
surface covered by rock fragments was used and scour holes could
develop to their full extent when rock fragment cover varied from 0 to
20%. Strong local turbulence was created and the sediment yield in-
creased. For rock fragment cover> 20%, the development of scour
holes was hampered by limited space between rock fragments, which
resulted in a decrease in the sediment yield with increasing rock frag-
ment cover. In this study, non-erodible bed was used and the stem basal
cover effectively increased the roughness, reduced the flow energy and
consequently decreased the sediment transport capacity and sediment
yield.

The sediment transport capacity decreased as an exponential func-
tion of stem basal cover, and the coefficient for this experiment was
0.495, whereas the coefficient from other studies reported in Table 1
was all< 0.1 using different vegetation cover types. To further com-
pare the differences in the cover effect on soil erosion and sediment
transport capacity, the relative reduction in the soil erosion or the
transport capacity from this study (RC) was calculated using Eq. (23) for
specific covers of 2.5%, 10%, and 30%:

=R E
EC

C

0 (23)

where EC is the amount of soil erosion or the transport capacity for
different levels of vegetation cover, and E0 is the corresponding soil
erosion or the transport capacity without vegetation cover (C=0).
Then, the average RC (Ac), was calculated for each vegetation cover
type:

∑=A
n

R1
C

n

C (24)

where n is the number of Rc values for the same cover type, ranging
from 8 for grasses (Gr) to 2 for grass, bushes and trees (GBT) and cul-
tivated land (Table 1).

The reduction factor (AC) for areas consisting of grass, bushes and
trees (GBT) was the largest (Table 7), and this is larger than that for
grass (Gr), pasture (Pa), rock fragments (Ro) and cultivated land (CL) in
that order. The reduction factor for stem basal cover was the smallest.
The differences in the reduction factor occurred may be because of the
way that cover was defined. For the reduction factor of GBT, Gr, Pa and
CL, canopy cover was used to represent the vegetation cover, while the

stem basal cover was used in this study. The canopy cover is generally
greater than the plant basal cover. Under the same cover percentage,
plant stem provides higher surface roughness which decrease flow ve-
locity and the sediment transport capacity. Stem basal cover plays a
more important role in reducing the sediment transport capacity and
soil erosion. In addition, different soil particle size was used. The sand
(d50=0.35mm) used in this study was much coarser than those in
other experiments reported in the literature (Table 7). Zhang et al.
(2011b) also indicated that the transport capacity increases as the soil
particle size decreases. Meanwhile, GBT had a thicker stem near the
surface, so the stem diameter may be another factor to have affected
soil erosion. The bed form was also different. The stem basal cover and
rock fragments cover were both on the surface, but the reduction factor
values for stem basal cover were still smaller than that for rock frag-
ments cover. The main difference was an erodible bed with rock frag-
ments (Bunte and Poesen, 1993) and a non-erodible bed with uniform
sand for this study.

The reduction factor for stem basal cover was close to those for GBT,
Gr, Pa, Ro, and CL from reported in the literature when the stem basal
cover was<2.5% (Table 7), and the difference in the reduction factor
was quite obvious when the stem basal cover was> 10%. The differ-
ence increases as the level of cover increases. This finding indicated that
the stem basal cover had a greater effect on the transport capacity than
other vegetation types especially when the cover was high.

Compared to artificial stem basal cover of this research, there were
quite a few other studies on soil erosion under natural vegetation cover
(Benito et al., 2003; Dunne et al., 1978; Elwell and Stocking, 1976;
Francis and Thornes, 1990; Loch, 2000; Pan and Shangguan, 2006;
Snelder and Bryan, 1995), but the research of natural vegetation cover
on sediment transport capacity as distinct from soil erosion was quite
limited. Thus the difference between the artificial stem basal cover and
the natural vegetation cover on sediment transport capacity is worthy
of further investigation because of the limitation of this study in using
artificial stem basal cover for this set of experiments.

5. Conclusions

The following conclusions are reached based on this experimental
study of the effect of stem basal cover on the sediment transport ca-
pacity:

• The relationship between the stream power and transport capacity
based on a previous experiment without vegetation cover was con-
firmed, supporting the experimental methodology and data quality
used for this experiment.

• For the sediment used in this experiment, the transport capacity
decreases exponentially with the stem cover, and the transport ca-
pacity would be reduced to zero when the stem basal cover ex-
ceeded 20% and the slope was no>8.8%. The coefficient of the
exponential function was significantly different from those reported
in the literature for other cover types, and the difference is most
noticeable when the stem basal cover is large. Vegetation cover near
the surface or stem basal cover plays a significant role in reducing
the transport capacity of overland flows.

• Compared to the slope and flow rate, this study shows that the se-
diment transport capacity is most sensitive to the stem basal cover
when the cover is> 2–3% based on this experiment. This finding
implies that surface or stem basal cover should be considered as an
effective means of reducing the transport capacity of overland flows
for soil conservation.
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