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ABSTRACT: Numerous steep rangelands have been restored from abandoned steep croplands, and sheet erosion has become the
dominant erosion process on rangelands since the Grain-to-Green Project was launched in 1999 on the Loess Plateau. Quantifying
sheet erosion rates and dynamics on steep rangelands may aid soil erosion management strategies and improve grassland health.
Simulated rainfall experiments were conducted on a rangeland plot under five vegetation coverages (30%, 40%, 50%, 60% and
70%), five rainfall intensities (0.7, 1.0, 1.5, 2.0 and 2.5mmmin-1) and five slopes (7°, 10°, 15°, 20° and 25°). The results show that
the sheet erosion rate decreased as vegetation cover increased, as described by linear or logarithmic equations under different rain-
fall intensities or slopes. Herbaceous vegetation can reduce and control sheet erosion by reducing the effect of rainfall intensity or
slope, especially under sufficiently high vegetation cover. The sheet erosion rate was accurately modelled by a linear equation that
included the three factors, i.e. rainfall intensity, vegetation cover, and slope. Among the different hydrodynamic parameters (shear
stress, stream power, unit stream power and unit energy), stream power resulted in the best model for the sheet erosion rate. Velocity
measurements and calculations, water depth calculations, and aggregative indicators of herbaceous vegetation for sheet flow should
be explored in future research, which will be important in improving experimental accuracy and sheet erosion modelling. © 2018
John Wiley & Sons, Ltd.

KEYWORDS: sheet erosion rate; erosion control; steep rangelands; loess region; hydraulic parameters

Introduction

The Loess Plateau is one of the most severe soil erosion regions
in the world. Since the Grain-to-Green Project, which restores
cropland to forest land or rangeland for the purpose of control-
ling soil erosion, was launched in 1999 on the Loess Plateau,
numerous steep rangelands have been restored from aban-
doned steep croplands, and sheet erosion has become the
dominant erosion process on rangelands (Wei et al. 2009;
Nearing et al. 2011). Quantification of sheet erosion rates and
dynamics on steep rangelands by studying sheet erosion rates
and erosion control on these rangelands in loess regions can
significantly aid soil erosion management strategies and im-
prove grassland health.
Through the action of raindrops and shallow running water,

sheet erosion induces the uniform removal of a thin layer or
‘sheet’ of the fertile upper soil horizon (Dlamini et al. 2011).
This phenomenon is now recognized as a major threat to the
sustainability of natural ecosystems (Wight and Lovely 1982;
UNEP 1994). In addition, from a global perspective, rangelands
cover approximately 50% of the Earth’s land surface (Williams

et al. 1968; Prentice et al. 1992) and are characteristically lo-
cated in arid and semi-arid climates; the importance of
preventing soil erosion in these climates has long been recog-
nized (Carroll et al. 1997; Morgan 2005; Wei et al. 2007).
Therefore, modelling the sheet erosion rate on rangelands is vi-
tal for evaluating and maintaining grassland health (Pyke et al.
2002; Pellant et al. 2005). Moreover, modelling the sheet ero-
sion rate on steep rangelands restored from abandoned crop-
lands can extend the knowledge of sheet erosion in these
regions and can provide useful references for evaluating and
maintaining grassland health, in addition to facilitating soil
conservation and ecological construction on the Loess Plateau.

Rangeland erosion has been studied extensively. For exam-
ple, in 1983/1984, research was conducted to identify methods
to assess grazing lands on the commons of the East-
Húnavatnssýsla district in Iceland (Aradottir and Arnalds
1985). The Icelandic Science Foundation funded some general
research on soil erosion to determine different types of erosion
(Arnalds et al. 2001). Predicted high-erosion zones agreed well
with the long-term patterns of erosion and deposition in a
catchment located in Wagga, Australia (Moore and Burch,
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1986). There was a significant negative relationship between
the final runoff rate and plant cover, and plant cover had no sig-
nificant effect on sediment concentration in a semi-arid wooded
rangeland in eastern Australia (Greene et al. 1994; Oudenhoven
et al., 2015). Rainfall simulation studies on rangeland in the
Ntondozi area of Swaziland showed that soil loss decreased
exponentially with increasing vegetation cover (Morgan et al.
1997). Vegetation exerts considerable hydrological control by
increasing the infiltration capacity of soil, which consequently
influences the timing and duration of runoff (Morgan et al. 1997).
Erosion models are effective tools for soil erosion prediction

and management strategies, which usually require the use of
hydraulic parameters. For example, the water erosion predic-
tion project (WEPP) (Nearing et al. 1989) used shear stress,
the European soil erosion model (EUROSEM) (Morgan 1995)
and the Limburg soil erosion model (LISEM) (De Roo et al.
1996) used unit stream power, while the Griffith university ero-
sion system template (GUEST) (Misra and Rose, 1996) used
stream power. Fox and Bryan (2000) and Fan and Wu (1999)
suggested that the sheet erosion rate could be estimated using
a linear function of unit stream power, which could predict
the sheet erosion rate better than shear stress. Cao et al.
(2015) determined that soil loss on a loess road surface could
be estimated using a linear function of stream power, and their
findings agreed with those of Huang (1995).
Process descriptions in physically based models, such as wa-

ter erosion prediction project (WEPP) (Flanagan and Nearing,
1995) and rangeland hydrology and erosion model (RHEM)
(Nearing et al. 2011), are complex. An erosion model to predict
soil loss specific to rangeland applications is needed because
existing erosion models, such as WEPP, were developed from
croplands that have different hydrologic and erosion processes
(Nearing et al. 2011). A new splash and sheet erosion equation
specific to rangelands was developed based on the rangeland
database (Wei et al. 2009). In addition, model sensitivity and
uncertainty analyses were conducted (Wei et al. 2007; 2008).
RHEM estimates runoff, erosion, and sediment delivery rates
and volumes at the spatial scale of a hillslope and the temporal
scale of a single rainfall event to provide reasonable runoff and
soil loss prediction capacities for rangeland management
(Nearing et al. 2011).
While research into sheet erosion on rangelands has been

conducted (Wei et al. 2007; 2008;2009 ; Nearing et al. 2011),
this is not the case for steep rangelands restored from aban-
doned croplands in loess regions.
The experiments in this study were conducted on steep

rangelands restored from abandoned croplands in the loess re-
gion. The following objectives were established: (1) to identify
variations in the sheet erosion rate on rangelands with different
levels of herbaceous vegetation cover under different rainfall
intensities and slopes; and (2) to model the sheet erosion rate
on rangelands in response to three factors, i.e. rainfall intensity,
slope, and herbaceous vegetation cover, to reveal the sheet
erosion characteristics and to model the sheet erosion rate on
rangelands as a function of hydraulic parameters (shear stress,
stream power, unit stream power, and unit energy) to clarify
the dynamic mechanism of sheet erosion.

Materials and methods

Test locations and soil

Experiments were conducted in the Simulated Rainfall Hall of
the State Key Laboratory of Soil Erosion and Dryland Farming
on the Loess Plateau at the Institute of Soil and Water Conserva-
tion, Chinese Academy of Science and Ministry of Water

Resources. The soil samples for testing were obtained from
Ansai County in the hinterland of the Loess Plateau (a typical
region with hills and gullies). Ansai (109°19’ E, 36°51’ N) is
in northern Shaanxi Province of China and has a mean annual
temperature of 8.8°C and mean annual precipitation of
500mm. The soil samples were air-dried and subsequently
sieved through a 5mm mesh to remove stones, grass, and other
debris. The soil samples were then wetted by light spraying to
achieve a soil water content of 14%. The soil contained
70.09% sand (0.02–2.0mm), 21.42% silt (0.002–0.02mm)
and 8.49% clay (<0.002mm). The average diameter of the test
soil particles was 0.039mm.

Rangeland plot and experimental design

Metal-framed soil pans (80 cm long, 60 cm wide, and 25 cm
deep) were used to make rangeland plots; grass was
transplanted into the pans that were filled with soil. The slope
gradient of the plot could be adjusted between 0% and 84%
using the movable base of the plot frame. An outlet at the lower
end of each plot frame allowed the collection of runoff sam-
ples. At the bottom of each plot, 5 cm of natural sand was over-
laid with permeable gauze to allow drainage of infiltrated
water. The soil in the plot was packed to a depth of 20 cm in
four 5-cm layers with a smooth soil surface, i.e. the micro-
topography did not fluctuate, at a bulk density of 1.2 g/cm3

(measured using compacted soil and sampled by a cutting
ring). Before the soil was packed in the plot, the soil water con-
tent was adjusted to 14%, which is the typical level on the
Loess Plateau during the flood season when maximum erosion
occurs (Liu et al. 2014). After the soil was packed, herbaceous
vegetation (Poa pratensis L.) was transplanted into the plot in a
banded uniform layout. The rangeland plot for the simulated
rainfall experiment was then completely formed. Poa pratensis
L. is a gramineous plant, and current-year grass was selected for
the experiments. The simulated rainfall experiments were initi-
ated approximately 2months after planting, when the vegeta-
tion exhibited stable growth in the rangeland plot and the soil
surface was no longer disturbed. A complementary border area
with a width of 27.5 cm was established around the plot, i.e.
the test area. The border area was filled with soil, and grass
was transplanted in the same manner as in the plot to ensure
equal splashing onto and off the plot such that erosion in the
plot closely resembled that in the field. The vegetation cover,
expressed as a percentage, was determined using digital images
that were processed using ImageJ software (National Institutes
of Health, Bethesda, Maryland, United States) before the simu-
lated rainfall was initiated.

Five levels of herbaceous vegetation cover, i.e. grass canopy
cover (30%, 40%, 50%, 60%, and 70%), five rainfall intensities
(0.7, 1.0, 1.5, 2.0, and 2.5mmmin-1) and five slopes (7°, 10°,
15°, 20°, and 25°) were tested in one replicate per run; a total
of 90 experimental events were simulated (Table I). The dura-
tion of all simulated rainfall events was 40min. The raindrop ki-
netic energies of the various rainfall intensities (0.7, 1.0, 1.5,
2.0, and 2.5mmmin-1) were 193.87, 274.41, 380.06, 506.94,
and 704.75 J s-1 m-2, respectively.

Measurements

In each treatment, runoff samples were collected 1min and
3min after the onset of runoff and then every 3min until the
end of the experiment. The mass of each runoff sample was
measured using a scale, and the samples were maintained at
105°C to evaporate the water and to dry the sediment.
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Sediment samples were weighed once, when dry. The velocity
of the flow surface was determined using KMnO4 as a tracer,
and velocity measurements were replicated once. The mean
sheet flow depth (m) of the slope surface of the plot was calcu-
lated by dividing the flow discharge per unit width (m2 s-1) by
the average velocity (m s-1) of two measurements. The water
temperature was monitored using a thermometer. The runoff
rate (m s-1) was defined as runoff volume per unit projected area
per unit time (m3 m-2 s-1), whereas the erosion rate (kgm-2 s-1)
was defined as sediment mass per unit projected area per unit
time. The mean sheet erosion was calculated by averaging all
sheet erosion rates of individual rainfall events for each combi-
nation of slope, vegetation cover, and rainfall intensity. The
Reynolds number (Re) was calculated for each case in which
runoff occurred to determine the flow regime of runoff; the
mean flow velocity of the runoff layer was obtained by multi-
plying the runoff surface velocity by 0.67 (Horton et al. 1934).

Hydraulic parameters

Shear stress (τ, measured in Pa; Nearing et al. 1991), stream
power (ω, measured in W m-2; Bagnold 1966; Prosser and
Rustomji 2000), and unit stream power (U, measured in m s-1;
Yang 1972, 1976) were calculated as follows:

τ ¼ ρghS (1)

where ρ is the density of water (kgm-3), g is gravitational accel-
eration (m s-2), h is the flow depth (m), and S is the sine value of
the slope gradients;

ω ¼ τV ¼ ρghSV (2)

where V is the mean flow velocity (m s-1); and.

U ¼ VS (3)

the unit energy (E, measured in cm; Zhao and He 2010) was
calculated as

E ¼ αV 2 2gð Þ�1 þ h cosθ (4)

where α is the kinetic energy correction factor (α= 1), and θ is
the slope angle (°).

Data analysis

All statistical analyses were performed using Microsoft Excel.
The dataset (n = 45) was used for modelling the sheet erosion
rate, describing the influence of herbaceous vegetation on the
sheet erosion rate and deriving the values of the statistical pa-
rameter R2. The modelling results were evaluated using inde-
pendently measured data (Table II). The dataset (n=16) of the
independently measured data was used for equation validation
by generating the value of the statistical parameter Nash–
Sutcliffe efficiency index (NE), which is used to evaluate the

performance of modelling equations. The following statistical
parameters were used to evaluate the performance of the simu-
lated results:

NE ¼ 1� ∑ Oi � Pið Þ2
∑ Oi �O
� �2 (5)

where NE is the Nash–Sutcliffe efficiency index (Nash and
Sutcliffe 1970), Oi is the measured value, Pi is the predicted
value, O is the average measured value.

Results

Effect of herbaceous vegetation on the sheet erosion
rate

Variation in the sheet erosion rate with different herbaceous
vegetation coverages under different rainfall intensities or
slopes
The sheet erosion rate decreases with increase in cover under
different rainfall intensities or slopes, as shown in Figure 1; this
change is well described by linear equations or logarithmic
equations (Table III). The extent of the decrease is initially low
and then increases and is maximized under 30–40% and 60–
70% cover (Figure 1). Therefore, herbaceous vegetation can re-
duce sheet erosion, and sufficiently high vegetation cover can
control sheet erosion.

Variation in the sheet erosion rate with rainfall intensities or
slopes under different herbaceous vegetation coverages
The sheet erosion rate increases with rainfall intensity or slope
under the same cover, as shown in Figure 2; this increase can
be described by power equations (Table IV). The extent of the
increase is initially high and then decreases (Figure 2). There-
fore, herbaceous vegetation can reduce the effect of high rain-
fall intensity or slope on sheet erosion.

Modelling the sheet erosion rate using rainfall
intensity, slope, and cover

The sheet erosion rate increases with increase in the slope or
rainfall intensity and a decrease in the vegetation cover. A com-
parison between the observed and modelled sheet erosion rate

Table I. Experiment design

Slope (°) Rainfall intensity (mmmin-1) Cover (%) Repeat Event

15 0.7, 1.0, 1.5, 2.0, 2.5 30, 40, 50, 60, 70 1 50
7, 10, 15, 20, 25 1.5 30, 40, 50, 60, 70 1 50
Remark 10 events were repeated
Total 90

Table II. Conditions of independent measured data

Slope (°) Rainfall intensity (mmmin-1) Cover (%) Repeat Event

7 0.7, 2.5 30, 60 0 4
10 1.0, 2.0 40, 50 0 4
20 0.7, 2.0 30, 70 0 4
25 1.0, 2.5 40, 60 0 4
Total 16
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(SE) indicates that SE can be modelled by a power function
that includes rainfall intensity and vegetation cover (Fig-
ure 3), by a power function that includes slope and vegeta-
tion cover (Figure 4), and by a linear equation that includes
rainfall intensity, vegetation cover or slope (Figure 5),
expressed as follows:

SE ¼ 0:00011 C�0:708 I1:538 R2 ¼ 0:97;NE ¼ 0:72; (6)

SE ¼ 0:00003 C�0:524 S0:754 R2 ¼ 0:96;NE ¼ 0:12; (7)

SE ¼ �0:00023� 0:00044Cþ 0:00035Iþ 0:00002S R2

¼ 0:96;NE ¼ 0:85; (8)

where SE is the sheet erosion rate (kgm-2 s-1); S is the
slope (o); I is the rainfall intensity (mm·min�1); and C is veg-
etation cover (%). Equation (8) shows that the absolute value
of the equation coefficient is C (0.00044) > I (0.00035) > S
(0.00002), which shows that the relative ranking of the three
factors that influence sheet erosion is C > I > S. NE shows
that the SE can be adequately modelled by a linear equation
that includes vegetation cover, rainfall intensity and slope or
by a power function that includes rainfall intensity and veg-
etation cover. However, modelling SE using vegetation cover
and slope yields poor results.

Figure 1. Variations of sheet erosion rate (SE) with cover under different rainfall intensities or slopes.

Table III. Relationship of sheet erosion rate and cover under different rainfall intensities or slopes

Rainfall intensity (mmmin-1) Empirical equation R2 Slope (°) Empirical equation R2 P

0.7 SE = -0.0003C +0.0002 0.991 7 SE = -0.0002ln(C) + 0.0004 0.996 0.01
1.0 SE = -0.0003C +0.0003 0.973 10 SE = -0.0002ln(C) + 0.0003 0.973 0.01
1.5 SE = -0.0007C +0.0007 0.970 15 SE = -0.0003ln(C) + 0.0002 0.920 0.01
2.0 SE = -0.0006C +0.0009 0.995 20 SE = -0.000ln(C) + 0.0004 0.958 0.01
2.5 SE = -0.0007C +0.001 0.993 25 SE = -0.000ln(C) + 0.0005 0.999 0.01

Figure 2. Variations of sheet erosion rate (SE) with rainfall intensity or slope under different covers.

Table IV. Relationship of sheet erosion rate and rainfall intensity or
slope under different covers

Cover (%) Empirical equation R2 Empirical equation R2 P

30 SE= 0.0003I1.13426 0.977 SE = 6E-05S0.7765 0.979 0.01
40 SE= 0.0002I1.14809 0.974 SE = 6E-05S0.7316 0.994 0.01
50 SE= 0.0002I1.1521 0.971 SE = 5E-05S0.7462 0.961 0.01
60 SE= 0.0002I1.16038 0.960 SE = 4E-05S0.7563 0.968 0.01
70 SE= 0.0001I1.1744 0.984 SE = 4E-05S0.7614 0.783 0.01
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Modelling SE using hydraulic parameters

Shear stress
SE increases with shear stress for all combinations of rainfall in-
tensity, vegetation cover, and slope, and the relationship can be

defined by a power function (Figure 6). A comparison between
the observed and predicted SE (Figure 7) indicates that SE can
be modelled by a power function that includes shear stress,
expressed as:

SE ¼ 0:0029τ1:601 R2 ¼ 0:79;NE ¼ 0:55; (9)

Equation (9) shows that the soil erodibility parameter is
0.0029 s m-1, NE is 0.55, and R2 is 0.79. NE shows that SE for
all combinations of rainfall intensity, vegetation cover, and
slope can be modelled by a power function that includes shear
stress.

Stream power
SE increases with stream power for all combinations of rainfall
intensity, vegetation cover, and slope; the relationship can be
fitted with a simple linear equation (Figure 6), which is
expressed in Equation (10). A comparison between the ob-
served and modelled SE indicates good agreement (Figure 8).

SE ¼ 0:0154 ω–0:00325ð Þ R2 ¼ 0:93;NE ¼ 0:89 (10)

Equation (10) shows that the soil erodibility parameter is
0.0154 s2 m-2, the critical stream power is 0.00325Wm-2, NE
is 0.89, and R2 is 0.93. NE shows that SE under different rainfall
intensities, vegetation coverages, and slopes can be adequately
modelled by a linear equation that includes stream power.

Unit stream power
SE increases as unit stream power increases; the relationship for
all combinations of rainfall intensity, vegetation cover, and
slope can be described by a linear equation (Figure 6), which
is expressed in Equation (11). A comparison between the ob-
served and predicted SE shows poor agreement (Figure 9).

SE ¼ 0:0148 U–0:0003ð Þ R2 ¼ 0:60;NE ¼ 0:31; (11)

Equation (11) shows that the critical unit stream power is
0.0003m s-1, the soil erodibility parameter is 0.0148 kgm-3,
NE is 0.31, and R2 is 0.60. NE indicates that SE in this study
cannot be modelled by a linear unit stream equation.

Unit energy
The relationship between SE and unit energy for all combina-
tions of rainfall intensity, vegetation cover, and slope can be
fitted with a linear equation (Figure 6), which is expressed in
Equation (12). A comparison of the observed and modelled SE
shows good agreement (Figure 10), expressed as follows:

SE ¼ 0:0090 E–0:0212ð Þ R2 ¼ 0:85;NE ¼ 0:79; (12)

Equation (12) shows that the critical unit energy is
0.0212 cm, the soil erodibility parameter is 0.009 kgm-3 s-1,
NE is 0.79, and R2 is 0.85. NE indicates that SE in this study
is adequately modelled by a linear unit energy equation.

Discussion

Herbaceous vegetation reduces sheet erosion on
rangeland

Herbaceous vegetation effectively reduces sheet erosion by de-
creasing the effect of rainfall intensity or slope, and sheet ero-
sion can be controlled by sufficiently high vegetation cover
(Figure 1). Moreover, SE can be adequately modelled by a

Figure 3. Measured versus modelled sheet erosion rate (SE)
(SE=0.00011 C-0.708 I1.538).

Figure 4. Measured versus modelled sheet erosion rate (SE)
(SE=0.00003 C-0.524 S0.754).

Figure 5. Measured versus modelled sheet erosion rate (SE) (SE= -
0.00023-0.00044C. + 0.00035I+0.00002S).
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linear equation that includes rainfall intensity, vegetation cover,
and slope, which is different from the relationship between
sheet erosion and rainfall intensity on bare slopes (Meyer
1981).
Sheet erosion is produced by the combined power of

raindrop-impacted sheet flow and the resistance of soil to this
flow. Herbaceous vegetation can decrease the power of
raindrop-impacted sheet flow by increasing infiltration and by
decreasing the runoff amount, turbulence and velocity. Herba-
ceous vegetation can also increase soil resistance to raindrop-
impacted sheet flow as follows: the detachment of soil particles
from the soil parent body is decreased because vegetation in-
tercepts raindrops that would otherwise directly impact the soil
surface, and soil stability is increased through the vegetation

root system. Consequently, herbaceous vegetation can greatly
reduce SE on rangelands.

A comparison of the modelling result using Equation (8) and
that using RHEM (Wei et al. 2009; Nearing et al. 2011) shows
that Equation (8) with NE = 0.85 is better than RHEM with NE
= 0.59 when modelling SE under certain conditions.

Modelling SE on rangeland using hydraulic
parameters

Sheet flow produces sheet erosion, and the flow power can be
expressed by different hydraulic parameters.

Figure 6. Relationship between sheet erosion rate (SE) and hydraulic parameters at all combinations of rainfall intensities, vegetation covers and
slopes.

Figure 7. Measured versus modelled sheet erosion rate (SE) (SE=
0.0029τ1.601)).

Figure 8. Measured versus modelled sheet erosion rate (SE)
(SE=0.0154 (ω–0.00325)).
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Flow shear stress (Equation (1)) is determined by slope and
flow depth. Generally, as slope and flow depth increase, flow
velocity and mass increase, thereby increasing the kinetic en-
ergy of the flow. Therefore, sheet erosion caused by sheet flow
increases with flow shear stress. However, flow depth cannot
generally increase simultaneously with slope; hence, the coef-
ficient of determination for the relationship between SE caused
by sheet flow and shear stress is not very high, indicating that
SE is not adequately modelled in this study by a power function
equation that includes shear stress (Equation (9)).
Stream power (Equation (2)) is equal to shear stress multiplied

by velocity, that is, work divided by time. On the basis of me-
chanics theory, power is an expression of the rate at which
work is done (such as quick or slow), which is a measure of en-
ergy change. As stream power increases, the energy loss of flow
caused by eroding soil increases; thus, SE as a function of sheet
flow increases with stream power. Therefore, the coefficient of
determination for the relationship between SE caused by sheet
flow and stream power is very high, indicating that SE caused
by sheet flow is adequately modelled in this study by a linear
equation that includes stream power (Equation (10)).
Unit stream power (Equation (3)) is determined by slope and

velocity. As flow velocity and slope increase, flow depth,
which implies flow mass, cannot increase simultaneously.

Thus, the kinetic energy of flow cannot increase proportionally,
and in modelling the sheet erosion caused by sheet flow, the unit
stream power is relatively weak. Consequently, the coefficient of
determination for the relationship between SE caused by sheet
flow and unit stream power is low, which indicates that SE
caused by sheet flow is poorly modelled in this study by a linear
equation that includes unit stream power (Equation (11)).

Energy is the dynamic source of any movement of matter. In
this study, unit energy (Equation (4)) was used to accurately
model SE caused by sheet flow. Sheet erosion caused by sheet
flow increases with unit energy. Thus, the coefficient of deter-
mination for the relationship between SE caused by sheet flow
and unit energy is high, which indicates that SE caused by sheet
flow is adequately modelled in this study by a linear unit en-
ergy equation (Equation (12)). Although energy is the dynamic
source of the movement of matter, the rate of energy change
(i.e. the rate at which work is done) has a closer relationship
with the movement of matter. Consequently, the coefficient of
determination for the relationship between SE and stream
power is higher than that for unit energy, indicating that SE is
better modelled in this study by a linear equation that includes
stream power (Equation (11)) than by a linear unit energy equa-
tion (Equation (12)).

In addition, the soil erodibility parameter and critical hydrau-
lic parameters in the present study are smaller than those in pre-
vious studies (Moore and Burch 1986; Huang 1995; Fan and
Wu 1999; Cao et al. 2015; Wang et al. 2016).

Stream power is the best hydraulic parameter to
model SE on rangeland

A comparison of the R2 and NE values of the response equa-
tions of SE to different hydraulic parameters shows that stream
power is the best hydraulic parameter for modelling SE. Hence,
stream power in this study is suggested for modelling soil ero-
sion, in keeping with recommendations from previous studies
(Huang 1995; Moore and Burch, 1986; Cao et al. 2015).
Stream power is energy-transforming efficiency, which com-
bines velocity and flow depth. Herbaceous vegetation influ-
ences both velocity and flow depth. For example, root growth
increases the infiltration rate (Morgan et al. 1997), grass diame-
ter hinders water flow, and grass blades restrict raindrops
(Greene et al. 1994) and disturb water flow (Gyssels et al.
2005; Durán et al. 2006; Durán and Rodríguez, 2008; Baets
et al. 2007). Therefore, among the four hydraulic parameters,
stream power is the best for modelling SE.

A comparison of the modelling result using Equation (10) and
that using RHEM (Wei et al. 2009; Nearing et al. 2011) shows
that the equation presented in this study, with NE = 0.89,
yielded a better result than that (NE = 0.59) obtained with
RHEM when modelling SE under certain conditions.

Improving sheet erosion modelling on rangeland

Measuring velocity on vegetated slopes was difficult in this
study. Artificial errors led to several failed experiments. Velocity
was calculated when the water flow was straight; however, wa-
ter does not flow in straight lines on vegetated slopes, which
caused the errors. Moreover, velocity was used to calculate hy-
draulic parameters. Therefore, velocity measurements and cal-
culations should be improved to better quantify modelling
result parameters to reflect ecosystem changes (Hernandez
et al., 2013). Further analysis showed that vegetation has a
strong influence on water depth. The value of a bare slope
was used to calculate the water depth of the vegetated slope.

Figure 9. Measured versus modelled sheet erosion rate (SE)
(SE=0.0148 (U–0.0003)).

Figure 10. Measured versus modelled sheet erosion rate (SE) (SE =
0.0090 (E – 0.0212)).
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Therefore, the formula used to calculate the water depth of veg-
etated slopes should be modified based on the aggregative indi-
cators of herbaceous vegetation. In the field of statistical
analysis, aggregative indicators of herbaceous vegetation for
sheet flow should be given greater consideration. In conclu-
sion, velocity measurements and calculations, water depth cal-
culations, and aggregative indicators of herbaceous vegetation
for sheet flow should be explored in future research so that
sheet erosion can be better modelled.

Using rangeland plot experiments to model SE on
rangelands restored from abandoned croplands

The study of SE on rangelands under controlled laboratory con-
ditions is very helpful for revealing the processes and mecha-
nisms. Field conditions, including the coverage, type and
distribution of vegetation, slopes, and soil surface features,
among other factors, always vary, and rainfall intensities are un-
steady. Such field conditions make it difficult to separate the ef-
fects of the factors that influence SE, which makes it impossible
to reveal the processes and mechanisms of erosion. In this
study, we constructed a rangeland plot in the laboratory by fill-
ing the plot with soil that had a moisture content and bulk den-
sity similar to field values. Grass was transplanted into the soil
without disturbing the soil surface, similar to field rangeland
conditions. The slope gradient could be adjusted to allow the
drainage of infiltrated water from the bottom of the plot. A com-
plementary border area was added around the plot and was
filled with soil and transplanted grass in the same manner as
the plot to equalize the opportunity for splash both onto and
off the plot in an attempt to ensure realistic erosion conditions.
This set-up ensured that the conditions in the laboratory resem-
bled those in the field and also guaranteed that the processes
and mechanisms of SE could be revealed under controlled lab-
oratory conditions. Numerous steep rangelands have been re-
stored from abandoned steep croplands, and the vegetation
coverage on steep rangelands on the Loess Plateau has im-
proved significantly since the Grain-to-Green Project, which
restores cropland to forest land or grassland to control soil ero-
sion, was launched in 1999. The restoration period of range-
land vegetation is short (< 20 years); thus, the soil quality
restoration period under rangeland vegetation is also short (<
20 years). As steep rangeland was restored from the abandoned
steep croplands, the original loess soil of the steep croplands
underwent intense erosion, and the soil quality was very poor.
Moreover, the soil quality during the short period of restoration
lagged behind that of vegetation restoration. Hence, the range-
land plot and the plot soil used in the tests in this study can rep-
resent rangeland restored from abandoned croplands and their
underlying soil.

Conclusions

The Loess Plateau of China is one of the most severe soil ero-
sion regions in the world. Since the Grain-to-Green Project
was launched in 1999, numerous steep rangelands have been
restored from abandoned steep croplands, and sheet erosion
has become the dominant erosion process on rangelands. Sim-
ulated rainfall experiments were performed on rangeland plots,
and SE and erosion control on steep rangelands were studied in
the loess region.
SE decreases with increasing vegetation cover; this relation-

ship can be well described by linear or logarithmic equations
under different rainfall intensities or slopes. Herbaceous vege-
tation can reduce SE as well as control sheet erosion by

decreasing the effect of rainfall intensity or slope, especially un-
der sufficiently high vegetation cover. Moreover, SE can be ad-
equately modelled by a linear equation that includes rainfall
intensity, vegetation cover, and slope. Stream power is the best
parameter for modelling SE. In addition, velocity measurements
and calculations, water depth calculations, and aggregative in-
dicators of herbaceous vegetation for sheet flow are important
in improving experimental accuracy and sheet erosion model-
ling. This study revealed that the quantification of SE and asso-
ciated dynamics on steep rangelands may aid soil erosion
management strategies and improve grassland health.
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