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Abstract: Riparian vegetation plays a vital role in soil and water conservation and river health
maintenance. However, its inhibiting effects on water and soil loss are limited by different factors,
such as slope gradient, vegetation coverage and their interaction. Therefore, this study quantified
the inhibiting effect of riparian vegetation on the runoff, sediment and hydraulic characteristics of
overland flow, and assessed its relative contribution to slope gradient. Specifically, we selected
a riparian slope along the lower Yellow River as a case, and used a field-simulated rainfall experiment
under specific rainfall intensity (90 mm/h), different vegetation coverage (0%, 15% and 30%) and
slope gradients (5◦, 10◦, 15◦ and 20◦). The results showed that the presence of vegetation can reduce
the slope runoff rate and erosion rate. However, greater slope gradients can result in a lowering of
the inhibiting effects of riparian vegetation on sediment yield. There was a critical value of vegetation
coverage for inhibiting eroded sediments which was influenced by the degree of slope gradient.
At 15% vegetation coverage, vegetation inhibited the slope sediment yield greatly at a slope gradient
of less than 8◦; while at 30% vegetation coverage, vegetation greatly inhibited the slope sediment
yield at slope gradients <11◦. Hydraulic characteristics were closely related to the slope gradient and
vegetation coverage by the power function. Grey correlation analysis revealed that, with increasing
of vegetation coverage, the effect of stream power on slope sediment yield decreased, while the effect
of the friction coefficient on slope sediment yield increased. In summary, riparian vegetation can
effectively inhibit slope runoff and sediment yield, but its inhibiting effect is notably affected by
slope gradient.
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1. Introduction

As an important transitional zone between rivers and terrestrial ecosystems, the riparian zone
acts as a corridor, filter and barrier, and its effective management is an important guarantee for
maintaining the stability and health of river and terrestrial ecosystems [1,2]. In recent years, due to
natural environmental changes in climate, channel morphology, flood cycles and beach structures,
and human activities such as urban expansion, large-scale engineering construction, and agricultural
and livestock development, the structure and function of the riparian ecosystem has been severely
impaired [3,4]. Therefore, the restoration and maintenance of riparian ecosystem function has become
a central and urgent need in geographical and ecological research [3]. At present, most researchers
focus on the corridor [5], buffer [6] and revetment functions [7] of the riparian ecosystem, and carried
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out studies on riparian structural features [8,9], biodiversity conservation and influencing factors [5],
prevention and control of non-point source pollution [6] and riparian maintenance and soil erosion
prevention [7,10,11]. However, compared to riparian biodiversity and agricultural non-point source
pollution control mechanisms, soil erosion control of the riparian zone remains poorly understood.

Riparian vegetation, which is the last barrier for the highland runoff and sediment transport
to the river in the basin, plays an important role in intercepting, filtering and depositing the soil
particles of surface runoff, stabilizing river banks and preventing river bank erosion and collapse by
enhancing infiltration, reducing runoff and flow velocity and improving soil corrosion resistance [7,12].
Previous studies have explored the relationship between riparian vegetation and soil and water
conservation specifically focusing on vegetation type, coverage, root system [13–15], structural
characteristics of vegetation [16,17], distribution and arrangement of vegetation [18] and the coupled
models of vegetation pattern and the soil erosion process [19]. For example, Srivastava et al. [13] and
Xia et al. [14] analyzed the effects of riparian vegetation on slope erosion by creating field simulated
rainfall or performing runoff scouring experiments to determine the effect of presence or absence of
vegetation on slope erosion. However, the interaction and relative contribution between the vegetation
coverage and slope gradient were not taken into consideration in these studies when investigating the
inhibiting effects of riparian vegetation on slope runoff and sediment yield; meanwhile the quantitative
evaluation of the relevant factors in soil erosion process should also be considered. Slope gradient,
as a control factor of soil erosion, determines the runoff scouring and transporting capacity [20]. Studies
have shown that, within a certain range, the greater the slope gradient is, the higher the soil erosion will
be [21,22]. For example, Zhao et al. [23] found that the increase in slope gradient in the red soil region
of Southern China could weaken the effects of vegetation in inhibiting soil erosion. However, when the
slope gradient reaches a certain degree or critical value, the relationship between slope gradient and
soil erosion will be reversed [24]. The critical slope gradient is defined differently in each study.
For instance, Defersha et al. [25] who conducted rainfall experiments based on three types of soil with
three different slope gradients (5◦, 25◦, and 45◦) in the highlands of Ethiopia showed that the amount of
erosion gradually decreased once the slope gradient reached its peak at 25◦. Liu et al. [26] investigated
slope runoff and sediment yield under natural rainfall conditions and found that the critical gradient
lay between 15◦ and 20◦. These studies showed that the effects of slope gradient on the erosion slope is
complex. The critical slope gradient in the slope erosion process changes due to factors such as erosion
pattern, soil type, vegetation status and boundary conditions. Therefore, further studies are needed to
understand the effects of slope gradient on vegetation that inhibits runoff and sediments.

The lower region of the Yellow River is an important part of the Yellow River Basin and one of
China’s major grain producing areas. Due to population growth, increased food demand and continued
expansion of agricultural land, most of the land in its riparian buffer zone has been cultivated, and the
maintenance and sustainable play of the ecosystem services of the riparian buffer ecosystem is under
substantial threat. In particular, its soil and water conservation and non-point source pollution control
functions gradually degenerated or disappeared under the influence of vegetation damage caused by
human behavior [27–30].

Therefore, selecting the riparian slope along the lower Yellow River as a case, based on a field-simulated
rainfall experiment, Grey correlation and relative contribution analyses, this study aimed to analyze:

(1) the characteristics of riparian vegetation to block slope runoff and sediment,
(2) the influence of riparian vegetation on hydraulic characteristics of overland flow,
(3) the effects of the slope gradient on the efficiency of riparian vegetation for inhibiting slope

erosion, and
(4) the relative contribution of slope gradient and vegetation coverage in the slope erosion process.

The results of this study can provide a theoretical and practical basis for ecological restoration
and reconstruction of the riparian vegetation buffer zone in China.
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2. Materials and Methods

2.1. Study Area

The area studied is located in Zhongmu County (Figure 1), Henan Province, and is an epitome of
the agricultural landscape in the lower Yellow River plain, one of China’s grain base counties. The area
belongs to the warm temperate continental semi-humid monsoon climate. Rainfall mostly occurs
in summer and autumn, and the annual precipitation is between 550 to 650 mm characterized by
considerable annual variation and uneven spatial distribution. In recent years, the number of rainy
days has decreased, heavy rain fall increased, and drought and flood disasters have become more
common [27,28]. The soil type of this area is dominated by fluvo-aquic soil and yellow cinnamon
soil [28]. The plant species in the study area mainly belong to the family Gramineae, Compositae,
Leguminosae and Brassicacea [27].
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Figure 1. Location of the study area and experiment plots.

The riparian slope area near the Jiubao village was selected to carry out the experiment. The selected
study site (34◦55′52.15′′ N, 114◦1′21.51′′ E), which is characterized by a predominantly annual
herbaceous plant vegetation and by rainfall-runoff, grazing, farming, recreation, human disturbances
and land use (upward slopes for farmland and woodland, downward slopes for area of water level
fluctuations and Yellow River waters), is valid representation of the riparian zone.

2.2. Research Framework and Experiment Design

The inhibiting mechanism of riparian vegetation on slope erosion is of great significance for the
maintenance of soil and water conservation in the riparian zone. In this study, using a field-simulated
rainfall experiment, Grey correlation and relative contribution analyses, we studied the characteristics
of runoff and sediment yield of the lower Yellow River slope that was inhibited by vegetation, and its
relationship with hydraulic characteristics under specific rainfall intensity, different vegetation coverage
and slope gradients. We also investigated the influence and relative contribution of slope gradients and
vegetation coverage on how vegetation may reduce or inhibit slope erosion. The research framework
of this study is shown in Figure 2.
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Figure 2. The research framework.

According to the research framework, the field simulated rainfall experiment was carried out
using a side-spray simulated rainfall device (JLC-RY1, Licheng Automation Equipment Limited
Company, Jinzhou City, China). The rainfall support was placed on the outside of the experimental
plot (the bracket was fixed in the soil), 0.25 m from the edge of the plot. The rainfall nozzle was
perpendicular to the plot with a rainfall height of 2 m, an effective rainfall area of 1.5 m × 3 m,
and a good raindrop atomization effect. In order to reduce the impact of the wind on the outcome of
our study, a canvas was set on the windward side of the rainfall support. The experimental plot size
was 1 m × 3 m (length ×width), the upward area of the plot was a storage tank, and the V-shaped
collecting trough was placed at the tail for collecting sediments and runoff (Figure 3). The water was
continuously supplied to the storage tank by a high-pressure automatic water supply tower.Sustainability 2019, 11, x FOR PEER REVIEW                                                                                                                                         5 of 17 

 
Figure 3. Schematic diagram of the rainfall experiment setup. 

Based on previous studies of field survey results and rainfall data [28] on the topography and 
vegetation of the Zhongmu section of the lower Yellow River, four slope gradients (5°, 10°, 15° and 20°), 
three vegetation coverage (0%, 15% and 30%), and one rainfall intensity (90 mm·h-1) parameter were set. 
Thus, a total of 12 treatments were conducted; each treatment lasted 30 min and was repeated twice. 
Meanwhile, the vegetation and underlying surface conditions in the plot were similar (Table 1). 
Vegetation in the plot was randomly trimmed and was then photographed with a camera (Canon SX60 
HS) at a distance of 2 m perpendicular to the experimental plot. The vegetation coverage was then 
extracted using Photoshop CS4 software and this process was repeated until the error of preset 
vegetation coverage was <0.5%. 

Table 1. Soil physical characteristics and main plant of the experimental slopes. 

Slope gradient 
(°) 

Soil water 
content 

 (%) 

Soil bulk 
density  
(g·cm-3) 

Particle Size Distribution of 
Soil 

Main plant 
Clay 
(%) 

Silt (%) 
Sand 
(%) 

5 22 1.60 0.71 57.67 41.62 
Setaria 
viridis 

10 18 1.57 0.68 48.23 51.09 
Setaria 
viridis 

15 19 1.55 0.47 58.27 41.29 
Setaria 
viridis 

20 20 1.59 0.44 52.85 46.71 
Setaria 
viridis 

2.3. Experiment Process 

The rainfall intensity was repeatedly calibrated before the rainfall experiment until the error rate 
compared to the pre-set value was less than 2%. To ensure that the initial conditions were consistent, 
the slope was pre-rained, and the rainfall was controlled to the extent that the soil surface was fully 
saturated but no runoff was generated. The rainfall experiment was started after the surface water 

Figure 3. Schematic diagram of the rainfall experiment setup.



Sustainability 2019, 11, 3685 5 of 16

Based on previous studies of field survey results and rainfall data [28] on the topography and
vegetation of the Zhongmu section of the lower Yellow River, four slope gradients (5◦, 10◦, 15◦ and
20◦), three vegetation coverage (0%, 15% and 30%), and one rainfall intensity (90 mm·h−1) parameter
were set. Thus, a total of 12 treatments were conducted; each treatment lasted 30 min and was repeated
twice. Meanwhile, the vegetation and underlying surface conditions in the plot were similar (Table 1).
Vegetation in the plot was randomly trimmed and was then photographed with a camera (Canon
SX60 HS) at a distance of 2 m perpendicular to the experimental plot. The vegetation coverage was
then extracted using Photoshop CS4 software and this process was repeated until the error of preset
vegetation coverage was <0.5%.

Table 1. Soil physical characteristics and main plant of the experimental slopes.

Slope Gradient
(◦)

Soil Water Content
(%)

Soil Bulk Density
(g·cm−3)

Particle Size Distribution of Soil
Main Plant

Clay (%) Silt (%) Sand (%)

5 22 1.60 0.71 57.67 41.62 Setaria viridis
10 18 1.57 0.68 48.23 51.09 Setaria viridis
15 19 1.55 0.47 58.27 41.29 Setaria viridis
20 20 1.59 0.44 52.85 46.71 Setaria viridis

2.3. Experiment Process

The rainfall intensity was repeatedly calibrated before the rainfall experiment until the error rate
compared to the pre-set value was less than 2%. To ensure that the initial conditions were consistent,
the slope was pre-rained, and the rainfall was controlled to the extent that the soil surface was fully
saturated but no runoff was generated. The rainfall experiment was started after the surface water
infiltration of the slope surface was completed. The rainfall lasted for a duration of 30 min, and the time
for runoff initiation and duration of runoff recession were recorded for the study. The runoff samples
were taken every minute for the first 5 min, and were then taken every 5 min for the remaining 25 min.
The slope flow velocity was measured by the KMnO4 coloration method and measured at the same
time interval. Then, the average value was multiplied by a correction factor of 0.67 for the average
slope flow velocity according to a previous study [31]. After the rainfall, the total amount of runoff

sediment was weighed, separated and dried at 105 ◦C until a constant sediment weight was reached.
The quality of the dried sediment was the amount of sediment produced and the total amount of runoff

sediment minus the amount of sediment produced was then referred to as runoff yield. The runoff and
erosion rate were defined as the amount of runoff and sediment yield per unit area during rainfall.

2.4. Data Analysis

The stream power (ω) characterizes the energy consumed by the runoff for erosion and can
eliminate the error caused by the non-uniformity of the slope runoff depth. Therefore, the stream
power was used to calculate the runoff erosivity as follows [27,32]:

ω =
γQJ
Bt

, (1)

where ω is the stream power (N·m−1
·s−1); γ = 9800 (N·m−3); J is the hydraulic gradient (m·m−1), and its

value is replaced by the positive value of the slope gradient; Q is the total runoff volume (m3); t is the
runoff sampling interval (min); B is the width of water-crossing section (m).

The Darcy–Weisbach friction coefficient (f ) reflects the ability of external factors (rainfall, vegetation,
soil texture, etc.) to block the runoff [33]:

f =
8ghJ
U2 , (2)
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where f is the Darcy–Weisbach friction coefficient; g is the gravitational acceleration (m·s−2); h is
the runoff depth (cm); U is the flow velocity (m·min−1); the other variables are described in the
previous calculation.

In order to determine the effect of slope gradient on the riparian vegetation’s ability to inhibit
slope erosion and sediment yield, we used the relative contribution index to quantify the contribution
of slope gradient and vegetation coverage to slope erosion and sediment yield [28]. The 5◦ slope
gradient was selected as baseline, and the amount of sediment change on the slope gradient X◦ (5◦,
10◦, 15◦, 20◦) caused by the vegetation was calculated according to the following formula:

ISYsg = SYbl(Xo) − SYbl(5
o) (3)

where ISYsg is the change of sediment yield (g) caused by slope gradient, SYbl is the sediment yield (g)
of bare land.

ISYvc = SYvc(Xo) − SYvc(Xo), (4)

where ISYvc is the change of sediment yield (g) caused by vegetation coverage, and SYvc is the sediment
yield (g) under vegetation coverage.

ISYt = ISYsg + ISYvc, (5)

RCIsg =
ISYsg

ISYt
, (6)

RCIvc =
ISYvc

ISYt
, (7)

where ISYt is the total sediment yield (g), and RCIsg and RCIvc are the relative contribution indexes of
slope gradient and vegetation coverage to the sediment yield.

Taking the sediment yield with 15% vegetation coverage as control, the inhibiting effect of the
plot slope was calculated after increasing the vegetation coverage as follows [27]:

E =
Y15v −Y30v

Y15v
, (8)

where E is the inhibiting effect, Y15v and Y30v are the slope erosion at 15% and 30% vegetation
coverage, respectively.

The enrichment rate (ER) is the ratio of the eroded sediment particles with different particle sizes
and background content of the tested soil particles [34]. In this study, the distribution of background
soil and eroded sediment particle size which were classified according to the USDA soil particle size
classification scheme were measured with a Malvern laser particle size analyzer (Mastersizer 3000).
ER was calculated according to the following mathematical formula:

ERi =
Sedi
Soili

, (9)

where ERi represents the enrichment rate of the i-th particle size fraction, and Sedi and Soili represent the
percentage of the i-th particle size fraction in the eroded sediment and the background soil, respectively.
Compared to the background soil, ER > 1 indicates that certain particle sizes are highly concentrated
and enriched in the eroded sediment. While an ER < 1 indicates that certain particle size is lower in the
eroded sediment and that sedimentation occurs [34].

Grey correlation analysis quantitatively describes the correlation among various factors. We used
Grey correlation analysis to explore and quantitatively assess the role of stream power and friction
coefficient in the process of slope sediment yield characteristics.

According to the specific calculation steps of the Grey correlation analysis [35], the reference
sequence and the objective sequence were determined and the sizing was eliminated. When the
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reference sequence is set to Y0(k), the comparison sequence is Yi(k), i = 1, 2, 3, 4, 5, . . . , m, and the
sequence length is N. The correlation coefficient γ0i(k) and the correlation degreeγ0i, was then calculated
as follows:

γ0i =
min
i∈m

min
i∈n

∣∣∣x0(k) − xi(k)
∣∣∣+ ρmax

i∈m
max

i∈n

∣∣∣x0(k) − xi(k)
∣∣∣∣∣∣x0(k) − xi(k)

∣∣∣+ ρmax
i∈m

max
i∈n

∣∣∣x0(k) − xi(k)
∣∣∣ , (10)

where |x0(k)-xi(k)| is the sequence difference; ρ is the distinguishing coefficient, set ρ=0.5.

γ0i =
1
n

n∑
k=1

γ0i(k), (11)

These indexes were analyzed and plotted using Excel 2010, SPSS 17.0 and Origin 9.1
software, respectively.

3. Results and Discussion

3.1. Characteristics of Riparian Vegetation to Block Slope Runoff and Sediment Yield

As shown in Figure 4, the runoff rate at different vegetation coverage increased rapidly with the
increase of rainfall duration and gradually stabilized later, which could be related to soil crust caused
by the initial rainfall [22,36]. On the non-vegetation slope side, raindrops dripped directly on the
slope may result in aggregates being broken down and converted into fine silts, hence blocking soil
voids and leading to the formation of crusts on the slope surface. The soil crust slowed down the
infiltration and made the rainfall quickly runoff. As the rainfall continued, soil infiltration stabilized,
and the rainfall became the main factor affecting runoff. As previously shown, most of the rainfall was
converted into slope runoff, stabilizing the runoff rate [21,37]. However, the presence of vegetation
can intercept rainfall splashes, delay the formation of soil crusts on the slope surface and maximize
soil water storage [15]. Therefore, the increase in runoff rates on the vegetation slopes was less than
that on bare slopes at the beginning of the rainfall. The runoff rate decreased with higher slope
gradients under the same vegetation coverage. This is consistent with the slope runoff properties
obtained by Chen et al. [38] and Zhang and Zheng [39] using model simulations and indoor rainfall
experiments. In spite of this, the comparability of results between indoor and field rainfall experiments
should be notable. On one hand, in indoor rainfall experiments it is difficult to simulate the complex
underlying surface conditions that occur in field rainfall experiments, but they can help to better
understand soil erosion mechanisms behind complex conditions. On the other hand, field rainfall
experiments can well reflect the complex underlying surface conditions that occur in nature, but it
is difficult to meet the strict requirements of repeated tests. Therefore, in many cases, they are
complementary and comparable. Furthermore, some studies showed that there is a positive correlation
between slope gradient and slope runoff [21], or there is a threshold for the impact of slope gradient
on slope runoff [26,37], even though the slope gradient has no significant effect on slope runoff [22].
Since slope runoff involves other factors such as surface roughness, rainfall intensity and soil texture,
as well as the setting of slope range and experimental methods [40], the relationship between slope
gradient and slope runoff needs to be further evaluated. Using the same slope gradient, the runoff rate
decreased with increasing vegetation coverage, indicating that the presence of vegetation can increase
the soil infiltration rate [41,42] and reduce surface runoff. The ability of vegetation to intercept rainfall
and runoff increased with higher vegetation coverage. In addition, when the vegetation coverage
increased from 15% to 30%, the inhibiting effect of vegetation on the runoff rate was 27.24%, 24.09%,
28.80% and 10.54% at different slope gradients. This indicates that the inhibiting effect of vegetation on
the runoff rate decreases with a higher slope gradient. Thus, the increase of the slope gradient weakens
the inhibiting effect of the vegetation. When the slope gradient is small, the effect of vegetation to
intercept runoff was obvious, while no obvious effect was observed when the slope gradient was
relatively greater.
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Figure 4. Influence of riparian vegetation on slope runoff rate under different slope gradients.

The effect of riparian vegetation on the slope erosion rate was similar to that of the runoff rate
(Figure 5). At the early stage of rainfall (0–5 min), the slope erosion rate showed a sharp increase at
different vegetation coverages. This indicates that loose soil at the slope surface layer provides a large
amount of transport material for the slope runoff with strong sediment transport capacity (low sediment
content). It also resulted in a sharp increase in the slope erosion rate at the early stage of rainfall, at which
time sediment transport was mainly limited by the runoff transport regime [43,44]. With increasing
rainfall duration, the formation of slope crusts and a reduction of aided loose soil on the surface
layer, slope runoff gradually changed from the transport-limiting regime to the detachment-limiting
regime [43,44]; therefore, the slope erosion rate tended to be stable. This is similar to previous studies
conducted on a red soil slope [39], loessial slope [22] and black soil slope [25]. However, the smoothing
time of the slope erosion rate was different from that of previous studies, which might be due to the
differences of vegetation coverage, slope gradient and soil texture between our study and previous
studies. In addition, the average erosion rate in areas with different vegetation coverage reached its
peak at 15◦ before increasing and then decreasing later. Thus, according to the slope critical value
assumption, the critical gradient of the slope erosion rate should be around 15◦. This result is different
from the proposed 20◦–25◦ estimated by Zhang and Zheng [39] under 50 mm/h rainfall intensity,
suggesting that the critical gradient might be related to the rainfall intensity and may lead to an early
peak of slope erosion rate. Under the same slope gradient, the erosion rate of the vegetation slope was
smaller than that of the bare slope, and decreased with increasing vegetation coverage. This indicates
that vegetation can hold soil and improve the slope’s erosion resistance [14,18]. When the vegetation
coverage increased from 15% to 30%, the inhibiting effect of vegetation on the slope’s erosion rate
under different slope gradients was 69.39%, 49.55%, 11.88% and 7.05%, respectively. This means that
increases of the slope gradient weaken the vegetation’s ability to reduce slope sediment yield.
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3.2. Impacts of Riparian Vegetation on the Characteristics of Slope Erosion and Sediment Particles

In our study, the sediment particle enrichment ratio (ER) was selected to investigate the sorting
characteristics and transport mechanisms of the runoff of sediment particles during slope erosion.
The results (Figure 6) show that the content of clay and fine silts increased greatly at the early stages of
rainfall, indicating that clay and fine silts were preferentially eroded first in the slope erosion process.
This was related to soil particle separation caused by raindrop splashes at the early stages of rainfall,
which led to a bonding loss between soil particles. The rainfall promoted the dispersion of small
particles into "suspended" or "semi-suspended" states, meaning they were able to be transported by
the runoff, thereby increasing the content of fine silts in the eroded sediment [34,36]. Meanwhile,
the average ERs of clay and fine silts were greater than one, which demonstrated that the runoff

preferentially transported fine silts first. With increasing rainfall duration, the ability of the slope runoff

to ablate soil increased and soil particles with a larger size were gradually separated and transported,
meanwhile, the ER of sands and coarse silts gradually increased. At the middle stages of rainfall
(from 10–25 min), the driving force of the slope soil detachment process shifted from rainfall splatters
to runoff erosion; at this time, the ER of clay and fine silts decreased. At the later stage of rainfall
(from 25–30 min), the composition of sediments with different particle sizes was relatively stable,
and the ER approached one. Under different vegetation coverage conditions, there was no obvious
change in the size of the eroded sediments (mainly only clay and silts), which was due to a strong
interception of vegetation on larger particles compared to small particles [45,46]. Of note is that the
coarse silts and sands were enriched on the vegetation slope, which may be related to a larger particle
size of the test soil, increased slope gradients which lead to the enhancement of the slope runoff

transport capacity, and the sedimentation reduction of coarse silts and sands. For instance, changes
in the coarse silt ER were not obvious when the slope gradient was less than 20◦, but were enriched
when the slope gradient was 20◦.
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3.3. Influence of Riparian Vegetation on Hydraulic Characteristics of the Slope

As shown in Figure 7, stream power was enhanced with an increasing slope gradient. This can
be explained by the fact that an increase of the slope gradient leads to an enhancement of the kinetic
energy and potential energy of the runoff in vertical and horizontal directions and subsequently
improves the slope runoff’s scouring ability. In this study, the average stream power of the bare slope
(0.09–0.23 N·m−1

·s−1) was larger than that of the vegetation slope (0.07–0.19 N·m−1
·s−1), indicating

that vegetation coverage can effectively weaken the sedimentation capacity of the stream, and the
stream power decreased with increasing vegetation coverage. When the vegetation coverage increased
from 15% to 30%, the inhibiting effect of vegetation on stream power at different slope gradients was
25.93%, 22.34%, 29.04% and 12.29%, respectively. The inhibiting effects of vegetation on runoff erosivity
decreased with an increase in the slope gradient, indicating that the effects of vegetation on reducing
the sediment transport capacity of slope runoff was far less than that of the slope gradient on increasing
the stream power of the slope runoff.
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As shown in Figure 7, the friction coefficient increased with the slope gradient, which was
consistent with a study by Zhao et al. [37]. Due to different experimental conditions and precisions,
the relationship between slope runoff friction and the slope gradient was controversial in different
studies, and explains the different outcomes of each study [33,47,48]. According to the mathematical
formula (2), the friction coefficient was mainly affected by the flow depth, the slope flow velocity of
the surface, and the slope gradient. In our study, the increase of the slope gradient on the friction
coefficient increased much more than the reduction of the runoff depth and the flow velocity on the
friction coefficient. Thus, the slope friction coefficient increased with the slope gradient. As mentioned
above, the sand content of the sediment increased with the slope gradient, which indicates that
although the increase of slope gradient harbors more energy for the flow, the energy consumption
increased concurrently with the transport of the sediments. At the same slope gradient, the friction
coefficient increased with increasing vegetation coverage. The average friction coefficients of the
bare slope, 15% and 30% vegetation coverage were 6.99, 9.06 and 30.02, respectively, indicating that
vegetation can effectively increase slope friction. The increase in vegetation coverage increases the
energy consumption of the slope runoff to overcome the friction so that the energy of separating
and transporting the soil particles is lower, resulting in a decrease in slope erosion and sediment
yield. According to the stepwise regression that quantifies the relationship with vegetation coverage,
slope gradient, and the interaction of the two on the hydraulic parameters of the slope, the following
equations were observed (for vegetation slopes):

ω = 0.121S0.507V−0.37, R2= 0.97, P< 0.05, (12)

f= 0.21(SV)0.93, R2= 0.87, P< 0.05, (13)

where, ω is the stream power (N·m−1
·s−1); f is the friction coefficient; V is the vegetation coverage (%);

S is the slope gradient (◦); SV is the interaction of the slope gradient and the vegetation coverage.
The stepwise regression results showed that the hydraulic characteristics of the slope were closely

related to the slope gradient and vegetation coverage, and the stream power positively influenced the
slope gradient and was negatively influenced by the vegetation coverage. The absolute value of the
independent power exponent was used to characterize the contribution rate of the independent variable
to the dependent variable. The results showed that the slope gradient contributed more to the change of
stream power. The interaction between the slope gradient and vegetation coverage played a dominant
role in the determination of the friction coefficient. The results show that vegetation increases slope
friction and reduces the runoff erosivity, but vegetation coverage was not an independent factor
affecting slope erosion. When the slope gradient was greater than a certain value, the vegetation
inhibition of runoff erosion was relatively small [16,33].
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The Grey correlation analysis method was used to obtain the Grey correlation value of the slope
hydraulic characteristics and the slope erosion rate (Table 2). The value of the correlation degree
indicates the effect of each factor on the slope erosion rate [35]. The results show that the correlation
degree between erosion rate and the stream power of bare slopes was greater than that between
the erosion rate and friction coefficient, indicating the dominant function of stream power in the
erosion process. Therefore, the bare slope has a larger sediment yield during the slope erosion process.
However, for the two vegetation slopes (15% and 30% coverage), the correlation degree between
stream power and erosion rate was smaller than that between friction coefficient and erosion rate.
The friction coefficient played a dominant role in the erosion process, and the slope sediment yield
reduced. During the slope erosion process, when the coverage of the slope’s vegetation increased,
the friction coefficient increased, while the stream power decreased. In addition, vegetation enhances
the erosion resistance of the slope’s soil [15] and effectively inhibits soil slope erosion. Thus, the greater
the vegetation coverage, the stronger the effect is [14,16].

Table 2. Grey correlation between the slope hydraulic characteristics and the slope erosion rate.

Vegetation Coverage
Correlation Degree

Stream Power Friction Coefficient

Bare 0.85 0.80
15% vegetation coverage 0.85 0.89
30% vegetation coverage 0.81 0.86

3.4. Contribution of the Slope Gradient to the Inhibiting Effect of Riparian Vegetation on the Erosion Rate

Based on the above results, we further analyzed the contribution of slope gradient to the inhibiting
ability of riparian vegetation on the erosion rate. As shown in Figure 8, at 15% vegetation coverage and
a slope gradient of <8◦, the erosion rate was affected by vegetation coverage; however, the inhibiting
effect of vegetation on the erosion rate decreased with an increasing slope gradient. When the slope was
>8◦, the contribution of the slope gradient to the erosion rate was greater than the vegetation coverage.
The contribution of the slope gradient to the erosion rate increased with a higher slope gradient.
However, at 30% vegetation coverage, when the slope was >11◦, the contribution of the slope gradient
to the erosion rate was greater than vegetation coverage, indicating that the increasing vegetation
coverage can effectively increase the slope gradient that is critical for slope erosion. In general, riparian
vegetation inhibited slope erosion and sediment yield. However, when the slope gradient was greater
than a certain value, the effect of vegetation on sediment was weaker, suggesting that in order to
better conserve soil and water, we need different riparian vegetation coverage on slopes with varying
gradients. Of note is that the slope runoff and sediment yield was affected by rainfall and infiltration.
On one hand, the soil infiltration rate decreased with an increasing slope gradient, resulting in more
rainfall being converted into runoff; on the other hand, the increase of slope gradient would lead
to the decrease of slope rainfall, which in turn reduced slope runoff [38,39]. This indicates that the
relationship between slope runoff and slope gradient is complex. In our study, the critical value of
slope gradient which affected runoff and sediment were different. Based on previous studies [49,50]
increasing vegetation coverage reduced runoff and sediments, but there was also a critical value,
when a certain degree of coverage was reached and increases of vegetation coverage did not result
in obvious inhibiting effects. For example, Zhu et al. [50] showed when the vegetation coverage
was <60%, the runoff and sediment yield gradually decreased with increases of vegetation coverage.
When vegetation coverage reached more than 80%, an increase in the vegetation coverage did not result
in any additional obvious inhibiting effects on runoff and sediment yield. However, these studies only
examined the vegetation coverage in soil and water conservation and did not take the impact of slope
gradient on the inhibiting effects of vegetation on slope erosion and sediment yield into consideration.
In our study, we combined these two factors (slope gradient and vegetation coverage) to investigate
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the predominant factor in soil erosion, and determined the limit of slope gradient on the inhibiting
effects of vegetation on slope erosion and sediment yield. This is different from previous studies on soil
erosion characteristics of natural slopes [14,21,23,26]. In addition to the slope gradient, the inhibiting
effect of vegetation on slope erosion was also affected by rainfall characteristics, stream types and soil
properties, as well as the vegetation type, pattern, location, roots and canopy [15,17–19]. Therefore,
it is necessary to investigate the relationship between vegetation and soil erosion from various aspects
and consider external factors, in order to effectively strengthen the soil and water conservation of
riparian vegetation.
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4. Conclusions

(1) The presence of vegetation can reduce the slope runoff rate and sediment yield, and as the vegetation
coverage increased, the runoff rate and erosion rate decreased. The slope gradient influences the
slope runoff and sediment yield, but acts in different ways. The runoff rate decreased with higher
slope gradients. But the erosion rate reached its peak at a slope gradient of 15◦.

(2) There was a critical value of vegetation coverage for inhibiting eroded sediments, which was
influenced by the degree of slope gradient. Increasing the vegetation coverage increases the
critical value of the inhibiting effect. At 15% vegetation coverage, when the slope gradient was
<8◦, the vegetation notably inhibited the slope sediment yield; while at 30% vegetation coverage,
when the slope gradient was <11◦, the vegetation notably inhibited the slope sediment yield.

(3) At different vegetation coverage, clay and fine silts were always preferentially transported by
the runoff first, and there was no notable change in the particle size of the eroded sediments,
which were mainly clay and silts. The increase in slope gradient led to the enhancement of slope
runoff to transport sediments, resulting in coarse silts enriched at a slope gradient of 20◦.

(4) Hydraulic characteristics were closely related to the slope gradient and vegetation coverage.
Stream power increases with slope gradient by a power function, but negatively correlates with
vegetation coverage. The friction coefficient was mainly dominated by the interaction of slope
gradient and vegetation coverage in a power function relationship.

(5) Grey correlation analysis revealed that with the increase of vegetation coverage the influence of
stream power on slope sediment yield was weakened, while the influence of the friction coefficient
was enhanced.

Overall, the inhibiting effect of riparian vegetation on slope erosion is a complex physical process
that involves multiple factors. The results of our study can provide reference for studying the
mechanism of riparian vegetation buffer belts to control soil erosion.
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