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Abstract

Purpose Gully erosion is one of the major contributors to severe land degradation in the Yuanmou Dry-hot Valley Region,
Southwest China. Grass has been proved to have great advantages in gully erosion control. This study aimed to detect
the influence of grass basal diameter on change processes of runoff velocity, sediment transport rate, and runoff energy
consumption.

Materials and methods A series of scouring tests were conducted based on a field experimental platform under the same flow
discharge, and the impacts of different grass basal diameter (d) (0, 17, 43, 70, and 98 mm) on variations of runoff velocity
(v), sediment transport capacity (S,), and runoff energy consumption (£,) were explored in this study.

Results and discussion The results showed that values of runoff velocity and sediment transport capacity decreased notably
with the increase of grass basal diameter, and two declining power functions can be found (v=0.689*d"(—0.106), p <0.01;
S,=0.741-2.228E-11*d"4.701, p <0.01). As for the spatiotemporal variation, the influence of grass basal diameter on runoff
velocity had obvious stage features, and the influence on sediment transport capacity mainly concentrated on spatial varia-
tion in the downstream of gully bed (16"-20" m away from gully head). Furthermore, the increasing of grass basal diameter
could effectively enhance runoff energy consumption, and a logistic growth function had been found. Finally, the grass basal
diameter of 70 mm proved to be the critical grass basal diameter for effectively reducing runoff erosion force and increasing
runoff energy consumption in gully beds in this study.

Conclusion These results indicate that the grass growth can effectively reduce runoff erosion force and increase runoff energy
consumption, and in general, this function will be enhanced with the improvement of grass basal diameter in gully beds.

Keywords Grass basal diameter - Erosion force - Hydrodynamic properties - Energy consumption - Dry-hot valley region

1 Introduction

Gully erosion is an important soil erosion pattern, and has
been recognized as one of the most important processes in
sediment production and land degradation in a wide range
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of environment (Wijdenes et al. 2000; Poesen et al. 2003;
Wu et al. 2008; Sidorchuk 2020; Agostini et al. 2022).
Gully erosion encroaches upon cultivated land, damages
land resources, and increases the connectivity in the land-
scape; furthermore, it reduces land productivity and accel-
erates land degradation (Poesen et al. 2003; Bennett and
Wells 2019). All these variation processes caused by gully
erosion can redistribute the sediment from uplands to valley
bottoms and channels, which has seriously threatened the
ecological and environmental security of the region (Gabris
et al. 2000; Kertész and Gergely 2011). Previous studies
have shown that vegetation measures can play a signifi-
cant role in controlling gully erosion (Valentin et al. 2005;
Malik 2008; Dong et al. 2018; Liu et al. 2019a; Gao et al.
2020). For example, Rey (2003) found that gullies were gen-
erally inactive when the cover of low vegetation was above
50% in the gully floor as a percentage of the gully floor
surface; Molina et al. (2009) deemed that vegetation was the
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most important factor to accelerate sediment deposition and
promote gully stability. Frankl et al. (2019) summarized that
dense root systems could prevent slumping, which was an
important process at gully margins, especially where soils
were subjected to elevated groundwater tables. In a word,
vegetation has been a widely acknowledged measure in
reducing runoff and sediment yield (Fu et al. 2020).

As a kind of important vegetation measure, grass with
dense amount of roots has a strong retention force on soil so
that it can effectively reduce surface runoff and prevent soil
erosion (Zhang and Zhou 2015; Guo et al. 2019). A series
of previous studies showed that grass could exert even more
advantageous effect on runoff interception and sediment
reduction, particularly, in the areas with harsh natural condi-
tion and serious soil erosion (Yu et al. 2009; Wu et al. 2010;
Tian 2010; Xiao et al. 2011; Dong et al. 2018). For instance,
Shi et al. (2013) summarized the effects of different types of
vegetation recovery on runoff and soil erosion and found that
high coverage of grass prevented surface runoff and soil ero-
sion more effectively than shrub and deciduous trees. Never-
theless, numerous literatures mainly paid predominant atten-
tion to the effect of root system (Gyssels and Poesen 2003;
De Baets et al. 2006; Guo et al. 2019; Liu et al. 2019b), such
that Burylo et al. (2011) and Frankl et al. (2019) deemed
that plant roots could increase the resistance of soils to water
erosion by improving soil properties such as organic carbon
content, structure, and cohesion, and Gyssels et al. (2006)
found that plant root could reduce soil detachment rates up
to 50-60% compared with rootless soils. As an important
part of grass, the aboveground part can also affect the inter-
action processes between soil and water, but there lacked
a specific research about the influence of aboveground part
of grass on runoff erosive dynamic process and paralleled
energy consumption effects (Pan and Shangguan 2006). The
few studies about aboveground portion of vegetation mainly
concentrated on the effect of aboveground biomass on run-
off detachment and transport capacity (Morgan 1995; Gys-
sels and Poesen 2003). As a vital component to convert the
movement condition of overland flow, the studies about how
the aboveground part of vegetation affect the runoff veloc-
ity, sediment transport capacity, and corresponding energy
dissiptation process need be involved. In this study, grass
basal diameter was used to indicate the growth status of grass
vegetation aboveground, and a series of field in-situ scouring
simulation experiments were conducted to study the impacts
of grass basal diameter on the spatiotemporal variation char-
acteristics of hydrodynamic properties, and to explore the
dissipating effect of grass basal diameter on runoff energy.
The research results can ascertain the impact of growth status
of grass aboveground on runoff hydrodynamic processes, and
are of great significance to reveal the dynamic mechanism of
grass growth in promoting gully stability, and furthermore

can provide theoretical basis for adopting effective vegetation
measures to control gully erosion in Dry-hot valley region.

2 Materials and methods
2.1 Studyarea

This study was implemented in Yuanmou Gully Erosion and
Collapse Experimental Station (YGEES), a field station operated
by the Institute of Mountain Hazards and Environment IMHE)
of the Chinese Academy of Sciences (CAS). It is located in
Yuanmou Dry-hot valley region in the northern part of Yun-
nan Province, Southwest China, which covers an area of 2020
km?, extending between 101°35' E to 102°06' E and 25°23' N
to 26°06’ N (Fig. 1). The study area is subtropical monsoon
climate, and characterized with dry-hot climate, concentrated
rainfall, and notable dry and wet seasons. It has an average tem-
perature of 21.9 °C with a maximum of 42 °C. The average
annual precipitation is 613.8 mm, and the potential evapora-
tion is as high as 3640.5 mm, which is 5.9 times that of the
precipitation. What’s more, the rainy season lasting from June
to October whose rainfall can account for 85% of the annual
precipitation (Su et al. 2014), and heavy rainfall is very common
in the rainy season which provides fundamental dynamic con-
dition for the activation of gully erosion. The zonal vegetation
type is tropic bushveld with scattered trees, which results in a
tropical savanna-like ecosystem whose forest coverage rate is as
low as 5.2% (Wang et al. 2005), and the dominate vegetation is
Heteropogon genus. Due to the combination of rainy season’s
heavy rainfall and weak loose stratum in Dry-hot valley region,
gully erosion is well developed, among which the average gully
distribution density is 4.5 km- km~2 with a maximum density of
7.4 km- km~2, and the soil erosion rates are estimated ranging
from 8000 to 20,000 t-km_z'a_l(Yang et al. 2012).
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Fig. 1 The location of Jinsha Dry-hot valley in southwest China
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2.2 Experiment design and data collection

To assess the impacts of the grass basal diameter on runoff
erosion force (runoff velocity, sediment transport capacity)
and energy consumption, a series of field in-situ scouring
tests were carried out on a field experimental platform in
March to April 2013 in the YGECES, CAS. The platform
was constructed in a representative bank gully in Dry-hot
valley region. On the basis of field investigation and in con-
sideration of realistic feasibility, the platform’s specification
were determined as follows: the platform was 2-m wide with
a 20-m-long downstream gully bed, a 0.5-m-high headcut
and a 5-m-long upstream catchment. Mean slope gradients
for gully bed and catchment were 13° and 8° with a vertical
headcut, respectively (Fig. 2). The soil type of the platform
was dry red soil (Ustic Ferrisols) whose bulk density was
about 1.63 to 1.64 g-cm_3 with 79.61% sand, 12.42% silt,
and 7.97% clay.

Heteropogon contortus is the dominant indigenous spe-
cies in the study area and widespread in the studied Dry-hot
valley region. As a dominant indigenous species, H. con-
tortus has been regarded as an effective vegetation meas-
urement to control soil erosion in Dry-hot valley region,
because H. contortus can change the water circulation path-
way of degraded soil ecosystem by strengthening rainfall
infiltration, reducing runoff, cutting down soil water evapo-
ration, and improving the water-holding capacity of litter,
so as to promote and start the restoration process of corre-
sponding ecosystem (Zhang 2005; Tang et al. 2015; Wang
et al. 2016; Dagar 2018; Mata et al. 2018). In addition, H.
contortus has been considered to have an important function
in promoting active gullies tending to be stable (Zhang 2005;
Hendricksen et al. 2010; Orr et al. 2010; Zhao et al. 2016).
Therefore, H. contortus was selected for this experiment, and
it was planted with an interval of 10 cm X 10 cm from the 4"
meter (assuming the headcut location was the origin of the
coordinate) of the downstream gully bed to the bottom of the
platform. The length and width of the planted grass belt were
16 m and 2 m, respectively. Grass basal diameters of O ( no
grass), 17, 43, 70, and 98 mm were set by cutting tillers with
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Gully headwall

a scissor (Fig. 3). Each of the above-mentioned grass basal
diameters was identified by the integer mean value of 80 H.
contortus through random measurement using a vernier cali-
per. The disposal of no grass that grass basal diameter was
0 mm indicated that the aboveground part of H. contortus
had been fully cut off while the underground part has been
kept in line with the other grass basal diameter treatments.
Each field scouring tests lasted 100 min with a flow dis-
charge of 5.0 m*-h~!, which was approximately equal to the
rainfall intensity of 90 mm-h~!, and an equalization pond
was used to keep flow discharge to be stable (Su et al. 2014;
Yang et al. 2015). Surface runoff velocity (v,, in m-s™h,
runoff depth (%;, in m), runoff width (w;, in m), and runoft
temperature (7, in °C) were measured three times directly
at an interval of 10 min at every observation section. And
the observation sections were set in the location of the 4%,
6™, 8™, 10", 12, 14, 16", 18", and 20" meter of the down-
stream gully bed. Correspondingly, the scouring tests were
performed in the same plot with a 3-day interval between
every two tests, i.e., topography recovery was applied to ena-
ble the initial conditions of each test to be almost identical.

2.3 Data analysis

According to the study results of Horton (1945), mean runoff
velocity (v) could be calculated by the measured surface
runoff velocity (v,) multiplying a coefficient that was deter-
mined by the value of Reynolds numbers (Re) (Eq. (1)). In
this study, Re was >2000 in each single scouring test indi-
cating that runoff was turbulence. Therefore, the mean run-
off velocity could be obtained by multiplying the measured
surface runoff velocity by 0.67 (Horton 1945; Zheng and
Xiao 2009).

The sediment transport capacity (S,) of runoff is another
important indicator that can reflect the runoff eroding force.
Fei and Shao (2004) put forward a formula of sediment
transport capacity for high concentration runoff in gullies
through a series of experimental researches and compre-
hensive analysis. And the formula had been proven to be
useful to estimate the sediment transport capacity of small
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Fig.3 The setting pattern of dif-
ferent grass basal diameter
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catchments and in the planning of soil conservation meas-
ures in small watersheds (Eq. (2)).

Runoff total energy (E) contains kinetic energy and
potential energy of runoff (Eq. (3)). According to the law
of conservation of energy under ideal conditions, the cur-
rent total energy is equal to the difference between total
energy in the initial state and dissipated energy (i.e. energy
consumption), in other words, the energy consumption (E,)
can be obtained by calculating the difference of total energy
between every two stages. In this study, we mainly focus on
the runoff energy consumption flowing through the whole
grass belt, that is, the changing process of energy consump-
tion between the first observation section (at the 4™ meter
of the downstream gully bed) (E,) and the final observation
section (at the bottom of the gully bed) (E,) is our study
object (Eq. (4)) (Foster et al. 1984; Qian and Wan 2003;
Wei 2008)

Re =v,;r/n (1)
S, = 1.23(q/m)*""7 %333 m = 2h +w)/h )
E =1/2yqv* + yqLsina 3)
E.=ET,—ET,, 4)

where v, is surface runoff velocity, in m-s~; v is mean run-

off velocity, in m-s~'; ris the hydraulic radius, in m; 7 is
the water kinematic viscosity coefficient, in m%s~!; his the
average depth, in m (Gong et al. 2010; Su et al. 2015); g is
unit discharge, m*-s™!; m is sectional morphological param-
eter; y is the volume weight of runoff, in kg'm_3; and J is
the hydraulic gradient that is equal to the sine value of the
water slope; L is the length of slope, m; and « is the gradient

of hillslope, rad (Foster et al. 1984; Yang 2000; Qian and
Wan 2003).

Non-linear regression analysis had been used to determine
relationships between the mean runoff velocity (v), sediment
transport capacity (S,) and the scouring time (¢) as well as
the location of observation section which was defined as
the distance between observation section and gully head-
wall (DOH). Moreover, one-way analysis of variance was
applied to test the differences among the different experiment
treatments in energy consumption (E,), and the separation
of means was made according to Duncan’s difference test at
an alpha level of 0.05. Additionally, statistical analyses were
carried out using SPSS 16.0 and Origin 8.0, and graphs were
drawn with Sigma Plot software (Version 10.0).

3 Results

3.1 The change process of runoff velocity
under the influence of grass basal diameter

3.1.1 Temporal variation of runoff velocity

Runoff velocity is one of the most important direct indicators
to reflect the movement status of overland flow. In this study,
the runoff velocity of each observation section at the same
time was averaged to express the runoff movement state of
the whole gully bed at that time. According to this, the tem-
poral variation process of the average runoff velocity under
the influence of different grass basal diameter was showed
in Fig. 4. On the whole, as the scrouring test progressed, the
runoff velocity decreased in different rates in the eartly stage
and tended to be stable at the later stage under the studied
five grass basal diamter.

@ Springer
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To further analyze the change process of runoff velocity
with scouring time, regression analysis was used to explore
the relationship between them. The results showed that the
grass basal diameter had a phased effect on the temporal
variation of runoff velocity. The runoff velocity decreased
as a power function with scouring time when the grass basal
diameter was less than 70 mm; a cubic curve function was
found between runoff velocity and scouring time when grass
basal diameter increased to 70 mm; and the relationship
between runoff velocity and scouring time changed to be
logarithmic when grass basal diameter further increased to
98 mm (Table 1). In addition, it had a great influence on the
average decrease rate of runoff velocity during the whole
experiment process for grass basal diameter. The average
decreasing rates for runoff velocity increased from 0.025 to
0.051 when grass basal diameter increased from O to 43 mm;
however, the decreasing rate dropped sharply below 0.001
when grass basal diameter was greater than 70 mm. All these
results demonstrated that the decreasing rate of runoff veloc-
ity could be apparently accelerated with grass basal diameter
increasing from O to 43 mm, but the decrease rate cannot
be further increased significantly when grass basal diam-
eter was equal to or greater than 70 mm. The main reason
was that the runoff velocity and its variation amplitude were
overall very small when grass basal diameter was equal to or
greater than 70 mm in this study.

Table 1 The relationship between runoff velocity (v, in m-s~') and
scouring time (¢, in min) under different grass basal diameters (d, in
mm)

Grass basal ~ Equation Adj.R* P N
diameter

(mm)

0 v=0.559*"(—0.044) 0.342 <0.01 10
17 v=0.587*"(—0.038) 0.297 <0.01 10
43 v=0.610*"(—0.084) 0.732 <0.01 10
70 v=>5.409*E-7*"3-8.702*E- 0.158 <0.01 10

5*#"2+0.004%+0.431
98 v=1.297-0.158*In(r+227.141) 0.223 <0.01 10

The range and variable coefficient were two important
indicators reflecting time stability of runoff velocity. In
detail, the range of runoff velocity was respctively, 0.104,
0.009, 0.135, 0.058, and 0.080, and the variable coefficient
was respctively, 0.063, 0.058, 0.091, 0.039, and 0.067,
under grass basal diameter of 0, 17, 43, 70, and 98 mm.
As described, both range and variable coefficient of runoff
velocity were the least under grass basal diameter of 70 mm
while turned to be the largest under that of 43 mm. However,
it is worth mentioning that there had no regular influence of
grass basal diameter on the time stability of runoff velocity.
Despite these, it also can be concluded that the time stability
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of runoff velocity was the strongest under grass basal diam-
eter of 70 mm while that was the weakest under 43 mm.

3.1.2 Spatial variation of runoff velocity

The spatial variation processes of runoff velocity under the
five treatments of grass basal diameter were quite different
(Fig. 5). As a whole, runoff velocity experienced a first
fluctuation decreasing followed by a rapid increase, and
then converted to decrease again along with the extend-
ing direction of gully beds under grass basal diameter of
0 mm, 17 mm, and 43 mm. However, there were still some
differences in the detailed variation processes among the
above-mentioned three grass basal diameter treatments.
When grass basal diameter was 0 mm, runoff velocity had
slight variation within the 4™ —10" meter of gully bed,
fluctuated likely periodically within the 10""-16™ meter,
and then increased sharply to the peak of 0.603 m-s™! at
the observation section of the 18" meter. As for grass
basal diameter of 17 mm, runoff velocity decreased with
a power function within the 4"-16™ meter in the gully
bed (v=0.736*DOH"(—0.186), p <0.01), whereas runoff
velocity showed an obvious trend of first increasing and
then decreasing within the 16"-20"" meter among which
runoff velocity reached the maximum value of 0.644 m-s™!
at the 18™ meter of the gully bed. With regard to grass
basal diameter of 43 mm, runoff velocity was approxi-
mately stable within the 4"-8'"" meter, decreased within

the 8"-10™ meter, and then had an obvious trend of first
increase and then decrease within the 10"-20™ meter in
which the peak value of runoff velocity was 0.529 m-s™! at
the observation section of the 16™ meter in gully bed. All
the above-mentioned observations demonstrated that there
were similarities in general variation rules, but differences
in local details for the spatial variation processes of runoff
velocity under grass basal diameter of 0 mm, 17 mm, and
43 mm, that is, runoff velocity showed different down-
trends in the upstream of gully beds (4"-16™ meter for
grass basal diameter of 0 mm and 17 mm, 4"-10'"" meter
for grass basal diameter of 43 mm), meanwhile tended to
firstly increase and then decrease in the downstream of
gully beds (16"-20" meter for grass basal diameter of
0 mm and 17 mm, 1020 meter for grass basal diameter
of 43 mm). In particular, the maximum values of runoff
velocity under the treatments of 0 mm (0.603 m-s™") and
17 mm (0.644 m-s~!) were very close and both appeared at
the 18" meter of gully bed, correspondingly, the maximum
value under treatment of 43 mm was 0.529 m-s~!' which
appeared at the 16™ meter. These results suggested that
the increasing of grass basal diameter can reduce the peak
value of runoff velocity and promote the peak location
move upstream in gully beds.

As a contrast, great difference in spatial change processes
of runoff velocity under grass basal diameter disposals of
70 mm and 98 mm had also been found in Fig. 5. As for grass
basal diameter of 70 mm, runoff velocity almost fluctuated
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Fig.5 The variation of runoff velocity (v, in m-s~!) with the distance between observation section location and gully headwall (DOH, in m) in
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around the 0.461 m-s~! along the gully bed, and presented
a trend of increase—decrease-increase—decrease periodically.
However, under the treatment of 98 mm, the runoff veloc-
ity showed an exponential decrease process along with the
gully bed (v=0.601%0.968"DOH, p <0.01). According to the
above analysis, it can be seen that the spatial change process
of runoff velocity was affected greatly by grass basal diameter.

The average value of runoff velocity in the whole gully bed
and experiment process can comprehensively reflect the mov-
ing state of runoff in gully bed. On the basis of this, regres-
sion analysis was used to detect the relationship between run-
off average velocity and grass basal diameter, and the result
indicated that average runoff velocity showed a power decline
trend with grass basal diameter: v=0.689*%d"(—0.106),
p<0.01 (Fig. 6). Furthermore, the mean reduction rate of
runoff velocity was about 0.0005 when grass basal diam-
eter was less than 70 mm, and it increased to 0.0018 which
was about 3.6 times higher than the former when grass basal
diameter was greater than 70 mm. Therefore, it could be
found that the mean rate of runoff velocity reduction was
really different when grass basal diameter was less and
greater than 70 mm. All these results suggested that the
increase of grass basal diameter can notably cut down the
average runoff velocity in the whole gully bed which can, to
some extent, protect gully bed from intensive erosion.

3.2 The change process of runoff sediment
transport capacity under the influence of grass
basal diameter

3.2.1 Temporal variation of sediment transport capacity

As an important indicator that can evaluate runoff carry-

ing capacity, runoff sediment transport capacity reflects the
ceiling of runoff in carrying sediment under a certain flow

0.52
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0.44

Runoff velocity (ms™)

042

0.40

0 20 40 60 80 100
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Fig.6 The variation of average runoff velocity (v, in m-s™!) with grass
basal diameters (d, in mm)
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state. Figure 7 showed the temporal change processes of
sediment transport capacity under five treatments of grass
basal diameter. On the whole, sediment transport capacity
tended to firstly increase and then become basically stable
over the later experiment time, and the pattern of temporal
change process of sediment transport capacity could be fitted
by the power function satisfactorily (Table 2).

Despite the above-described observations, it was worth
mentioning that the detailed temporal change process for
sediment transport capacity had some differences under the
grass basal diameter of 0 mm, 17 mm, 43 mm, 70 mm, and
98 mm. With regard to grass basal diameter of 0 mm, the
sediment transport capacity increased linearly at a rate of
about 0.004 within 0—40 min, and then stopped increasing
and stabilized around 0.766 within 40—100 min. When grass
basal meter was 43 mm, the sediment transport capacity
showed a continuous increase in 0-50 min with an average
increase rate of 0.002, and was stable around 0.755 in the
following 50-100 min. When grass basal meter was 70 mm,
the sediment transport capacity increased at an average rate
of 0.001 within 0-60 min, then decreased to some extent
and stabilized around 0.743 within 70-100 min. As for grass
basal diameter of 98 mm, the sediment transport capacity
just had a short increase within 0-20 min, and then was
basically stable around 0.689 in the subsequent 20100 min.
Separately, the sediment transport capacity under grass basal
diameter of 17 mm mainly showed a periodical fluctuation
trend, and the fluctuation amplitude had a decrease in pro-
cesses, among of which, the fluctuation range of sediment
transport capacity decreased from 0.055 in 0-50 min to
0.030 in 50-100 min, specifically the sediment transport
capacity basically stabilized around 0.755 in 50-100 min.

Further analysis found that sediment transport capacity in
the relative stabilize stage declined from 0.766, 0.755, and
0.755 t0 0.743 and 0.689 when grass basal diameter increased
from 0 mm, 17 mm, and 43 mm to 70 mm and 98 mm, which
was probably because grass belt can change runoff movement
pathway and disperse runoff, thereby reducing flow depth and
reshaping flow pathway. In addition, the duration of sediment
transport capacity’s continuous increase were respectively
40 min, 50 min, and 60 min for grass basal diameter of 0 mm,
43 mm, and 70 mm, namely there was a positive correlation
between the duration of the increase processes of sediment
transport capacity and grass basal diameter. However, the
duration just lasted 20 min for grass basal diameter of 98 mm
which might result from sediment transport capacity that was
overall at a low level under this treatment.

In conclusion, there were some differences in the tempo-
ral change process of sediment transport capacity under dif-
ferent grass basal diameter treatments, but the overall change
rule was basically similar that they all showed the trend of
increase first and then stabilizing. This was mainly because
sheet flow with small depth was the major component of
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Fig.7 The variation of sediment transport capacity (S,) with scoring time (¢, in min) under different grass basal diameters (d, in mm)

overland flow in the early stage of our experiments. As the
experiment progressed, concentrated flow gradually replaced
sheet flow as the main part of overland flow, and the run-
off depth corresponding had an increasing process. Hence,
sediment transport capacity had an increasing trend in the
early phase of the experiment. However, as the main runoff
pathway and concentrated flow tended to be stable, the aver-
age runoff depth no longer increased, and the major role of
overland flow was to shape the morphology of cross sec-
tion in the later stage of the experiments. As a consequence,
cross section morphology, runoff depth and hydraulic gradi-
ent gradually achieved a dynamic equilibrium state which
promoted sediment transport capacity tending to be stable.

Table2 The relationship between sediment transport capacity (S,)
and scouring time (7, in min) under different grass basal diameters (d,
in mm)

Grass basal Equation Adj. R P N
diameter (mm)

0 S,=0.592%10.061 0.871 <0.01 10
17 S,=0.715%0.011 0.055 <0.01 10
43 S,=0.642%t10.038 0.641 <0.01 10
70 S,=0.659*110.029 0.727 <0.01 10
98 S,=0.664*1"0.019 0.426 <0.01 9

3.2.2 Spatial variation of sediment transport capacity

Obvious difference can be found for the change processes
of sediment transport capacity along with the gully beds
under different grass basal diameter (Fig. 8). For grass basal
diameter of 0 mm, sediment transport capacity tended to
increase firstly and then to be stable along with the gully
bed, and a power function can be found between the two
ones (S,=0.594*DOH"0.093, p <0.01), and sediment trans-
port capacity was basically stable in the vicinity of 0.784
within the 16""-20" meter of the gully bed. As for grass
basal diameter of 17 mm, sediment transport capacity fluc-
tuated around 0.753 with an amplitude of 0.063 within the
4"_16" meter in the gully bed (S,=0.72140.063*sin((DO
H+2910)r/3.211), p<0.01); in addition, sediment trans-
port capacity increased to some extent and stabilized around
0.778 within the 16"-20" meter of gully bed. When grass
basal diameter was 43 mm and 70 mm, similar change pro-
cesses can be found, i.e., sediment transport capacity fluctu-
ating increased firstly and then tended to decrease along with
the gully bed. Even so, there was notable difference for the
maximum values of sediment transport capacity and its posi-
tion in the gully bed between the two grass basal diameter
treatments. Specifically, the maximum values of sediment
transport capacity were respectively, 0.838 and 0.809, at the
16" meter and 18™ meter of gully bed under the grass basal
diameter of 43 mm and 70 mm. As for grass basal diam-
eter of 98 mm, the sediment transport capacity increased
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in the gully bed under different grass basal diameters (d, in mm)

continuously along with the extending direction of gully
bed, and an extremely significant linear relationship can be
detected between them (S,=0.553+0.011*DOH, p <0.01).
It can be seen from the above analysis that sediment trans-
port capacity all showed an increasing trend despite that the
increasing patterns had a little difference in the upstream
of the gully bed (4"—16™ meter), in contrast, the variation
processes of sediment transport capacity were quite differ-
ent in the downstream of the gully bed (161-20" meter)
under the five grass basal diameter treatments (d <17 mm, S,
was basically stable; 43 mm <d <70 mm, S, had an obvious
decrease trend; d=98 mm, S, had an increase trend). All the
above-mentioned observations demonstrated that the impact
of grass basal diameter on the spatial change processes of
sediment transport capacity was mainly concentrated in the
downstream of gully bed.

In order to further explore the influence of grass basal
diameter on sediment transport capacity, regression analysis
was used to detect the relationship between the two ones,
and the result showed that the average sediment transport
capacity decreased with the increase of grass basal diam-
eter as a power function (5,=0.741-2.228E-11*d"4.701,
p<0.01) (Fig. 9). It can also be found that there was just a
little decrease trend for sediment transport capacity when
grass basal diameter increased from O to 70 mm, and the
average decrease rate of sediment transport capacity was
about 0.0002, in contrast, the average decrease rate rose
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to 0.0015 when grass basal diameter increased from 70 to
98 mm, and the latter was 7.5 times higher than the former.
All these results indicated that increasing the grass basal
diameter can effectively reduce the average sediment trans-
port capacity of runoff in gully bed, however, only when the
grass basal diameter increased to a certain extent (> 70 mm
in this study) could the runoff sediment transport capacity
be significantly reduced.
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In conclusion, grass basal diameter had a significant influ-
ence on the spatial and temporal variation, and the grass
basal diameter had a phased function to reduce average
sediment transport capacity, i.e. sediment transport capacity
decreased very slowly when grass basal diameter was equal
to or less than 70 mm, but the decrease rate of sediment
transport capacity had a quite increase when grass basal
diameter was greater than 70 mm, that is to say, grass basal
diameter of 70 mm may be the critical value that can sig-
nificantly accelerate sediment transport capacity reducing.

3.3 The change processes of runoff energy
consumption under the influence of grass basal
diameter

Runoff energy consumption reflects the energy consumed
by the interaction between runoff and earth surface during
the movement of runoff. The higher the energy consump-
tion, the better the energy dissipation effect of grass basal
diameter is. It can be seen from Fig. 10 that runoff energy
consumption increased slowly firstly, then experienced
a rapidly rising process, and then tended to be basically
stable with the increase of grass basal diameter. Further-
more, a logistic curve can be used to describe the relation-
ship between energy consumption and grass basal diameter
(E.=3.049-0.997/(1 +(d/48.630)*7.931), p < 0.01). Accord-
ing to the above analysis, it can be seen that runoff energy
consumption increased very slowly and almost remained
at a low level when grass basal diameter was <17 mm,;
meanwhile, the energy consumption increased rapidly at an
increase rate of 0.018 while grass basal increased from 17
to 70 mm; furthermore, runoff energy consumption almost
stabilized around 3 J-s~! rather than having continuing
increase when the grass basal diameter furtherly increased
from 70 to 98 mm. In order to determine what grass basal
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Fig. 10 The variation of runoft energy consumption (E,) with grass
basal diameters (d, in mm)

diameter can exert the most effective function in dissipating
runoff energy, one-way ANOVA was conducted among the
five disposals. The results showed that runoff energy con-
sumption in grass basal diameter of 70 mm and 98 mm was
significantly greater than those of 0 mm, 17 m, and 43 mm
(Table 3), which indicated that only when grass basal diam-
eter increased to a certain degree (>70 mm in this study)
can the runoff energy consumption be effectively increased.

4 Discussion

Gully erosion is an intensive erosion phenomenon caused by
serious imbalance of water and soil elements. The growth
of H. contortus not only has a positive and long-term effect
on the change and restoration of degraded soil system
(Zhu 2005; Duan et al. 2017), but also has an important
influence on the change of the movement condition and
hydrodynamic processes of surface runoff (Wu et al. 2018).
Therefore, on the basis of previous research experience and
field practice, this study preliminarily discussed the influ-
ence of the basal diameter of H. contortus on the runoff
hydrodynamic properties and paralleled dissipating effect
on runoff energy in gully bed. The results showed that the
basal diameter of H. contortus could not only change runoff
erosion force (runoff velocity and sediment transport capac-
ity) and energy consumption, but also significantly affect the
spatiotemporal variation processes of erosion force. Specifi-
cally, significant declining functions were found for runoff
velocity and sediment transport capacity with the increas-
ing of grass basal diameter (v =0.689*%d"(-0.106), p <0.01;
S,=0.741-2.228E-11*%d"4.701, p < 0.01), meanwhile, it had
been found that runoff energy consumption would increase
as a logistic growth function with grass basal diameter
increasing. In addition, there was periodical or partial influ-
ence of grass basal diameter on the spatiotemporal variation
processes of erosion force. Furthermore, in view of the com-
prehensive influence of grass basal diameter on runoff ero-
sion force and energy consumption, the grass basal diameter
of 70 mm was found to be the critical value for effectively
reducing sediment transport capacity and enhancing energy
consumption in this study.

Table 3 Results of one-way

R Grass basal Energy con-
ANOVA fpr runoff energy diameter (mm)  sumption
consumption (E,) under
different grass basal diameters 17 2.044a
(d, in mm). Duncan’s multiple 0 2.060a
range test was adopted for
one-way ANOVA; Different 43 2.325a
small letters denote significant 70 2.996b
difference at 0.05 level 08 3.045b
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In this study, the erosion force (runoff velocity and sedi-
ment transport capacity) can all be reduced by the increase
of grass basal diameter, which was mainly because grass
stems had changed the gathering processes of runoff and a
series of hindering effect on runoff was formed around each
grass stems. The comprehensive interaction of these hinder-
ing effects can be enhanced by the increase of grass basal
diameter so as to cut down the runoff velocity and depth.
Moreover, the micro-topography of runoff flowing pathway
can be reshaped to some degree because the interference
role of grass stems, thus sediment transport capacity had
a declining trend with the increase of grass basal diameter.
In addition, the possible reason, for energy consumption
improved by the increasing of grass basal diameter, is the
existence of grass that can effectively increase surface resist-
ance through itself and related reshaping effect on pathway
so that the greater the grass basal diameter, the larger the
increase role of surface resistance. With regard to the period-
ical influence of grass basal diameter on the spatiotemporal
variation processes of erosion force, there may be two main
reasons. Firstly, the process of soil-water interaction is com-
plicated, and the interaction between soil and water would
become more and more complicated due to the change of
runoff movement state and micro-topography caused by
vegetation growth. Secondly, under a certain initial condi-
tion of soil and water flow, the degree to which vegetation
changes the soil-water interaction process is related to the
growth status of vegetation, that is, the variation processes
of runoff erosion force parameters will change along with
the difference of grass basal diameter. Additionally, the grass
basal diameter of 70 mm was perceived as a critical value in
cutting down erosion force and increasing energy consump-
tion. On the one hand, the underlying reason was that the
decrease rates of erosion force had an inflection point when
grass basal diameter was 70 mm. To be specific, the decrease
rates of runoff velocity and sediment transport capacity were
respectively —0.0005 and — 0.0002 when grass basal diam-
eter was less than 70 mm; in contrast, the declining rates
increased to be respectively —0.0018 and —0.0015 when
grass basal diameter was larger than 70 mm, and the latter
were about 3.6 and 7.5 times higher than the former. On
the other hand, the increasing rate (about 0.0136) of energy
consumption was very high when grass basal diameter was
less than 70 mm; meanwhile, the energy consumption cannot
be enhanced anymore and basically stabilize around 3 J-s™!
when it was greater than 70 mm. Therefore, the grass basal
diameter of 70 mm was considered as the critical value,
which was in line with the principle that everything may
have its own limits in the objective world.

From wide view of literatures, most studies focused on
the effects of vegetation coverage (Zhou et al. 2006; Wen
et al. 2010; Chen et al. 2019), vegetation types (Huang et al.
2012; Shi et al. 2013; Jia et al. 2019), and planting patterns

@ Springer

or distributions (Rey 2003; Spaan et al. 2005; Wang et al.
2014; Zhang et al. 2018b) on surface runoff and erosion
processes, but almost few studies played specific attention
on the dynamic processes of runoff erosion caused by the
growth status of aboveground part of grass cover (Yang et al.
2017). The results of previous researches on aboveground
vegetation stem mainly involved in open channel under the
laboratory condition (Zhang et al. 2018a). For example,
Kothyari et al. (2009) conducted an experimental study on
sediment transport by channel flows with tall rigid stems
whose surface was smooth, and discussed the influence of
stem areal densities based on a series of flume experiments
at a laboratory; Zhang et al. (2018a) emphatically explored
the influence of vegetation stem diameter on flow resistance
in a rectangular water channel, in which the studied vegeta-
tion consisted of polymethyl methacrylate; Zhao et al. (2016)
also conducted a laboratory flume experiment to quantify
the effects of vegetation stems on Reynolds number, Froude
number, flow velocity and hydraulic resistance of silt-laden
overland flow, and the vegetation stems were simulated by
cylinders that were glued onto the flume bed. In summary,
the studies on aboveground part of vegetation were all con-
ducted by laboratory flumes with unreal vegetation stems
made of composite materials, which was quite different
from the reality. Therefore, this study had been innovative
in exploring the influence of real grass basal diameter on
runoff hydrodynamic properties under the field condition.
However, it is worth mentioning that this study mainly
focused on the influence of the growth of H. contortus on
the hydrodynamic processes of runoff, and did not study
the change processes of the soil environment and the cor-
responding ecosystem in the gully bed during the growth
of H. contortus, which made the changing processes of
“water-soil” dual factors become one of the key directions
of our future study. In addition, in view of this study is an
exploratory experimental research which was conducted
as soon as the growth status has been satisfying the basic
requirements of experiments, hence this study had not
taken into consideration the influence of different planting
years of H. contortus on runoff hydrodynamic processes.
Meanwhile, because the H. contortus was planted with
uniform width and length in gully bed, the spatial distri-
bution features of Heteropogon contortus was different
from that in natural field condition, which may lead to a
certain scale effect on the experimental results, and the
corresponding scale effects would be taken into account
in the subsequent studies. Furthermore, this study inno-
vatively focused on the influence of grass basal diameter
on hydrodynamic properties of runoff in gully bed, but
due to the limitation of our experimental conditions, this
study could only have conducted multiple tests based on
the same experimental plot. In order to ensure the initial
topography of each single test as consistent as possible, a
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series of useful measures such as “filling-tamping-filling-
wetting-retamping-natural drying” were adopted, although
the duration of sedimentation and insolation was still
insufficient which would influence the experiment results.

5 Conclusions

This study explored the influence of grass basal diameter
on runoff velocity, sediment transport capacity, and energy
consumption as well as their spatiotemporal dynamic pro-
cesses. The results showed that runoff velocity and sedi-
ment transport capacity decreased significantly with grass
basal diameter as power functions (v=0.689*d"(—0.106),
p<0.01; §,=0.741-2.228E-11*d"4.701, p<0.01), and
runoff energy consumption can be enhanced by increasing
grass basal diameter. The relationship between runoff energy
consumption and grass basal diameter satisfied the logistic
growth function (E,=3.049-0.997/(1 + (d/48.630)"7.931),
p <0.01). The decrease rates of runoff velocity and sedi-
ment transport capacity as well as the increase rate of runoff
energy consumption were respectively, 0.0005, 0.0002, and
0.018, when grass basal diameter was less than or equal to
70 mm. The decrease rates of runoff velocity and sediment
transport capacity increase to be 0.0018 and 0.0015, and
the runoff energy consumption almost stabilized around
3 J-s7! when grass basal diameter was larger than 70 mm.
Furthermore, the influence of grass basal diameter on runoff
velocity and sediment transport capacity was very differ-
ent, and the spatial dynamic processes were affected more
than the temporal variation processes of runoff velocity and
sediment transport capacity by grass basal diameter. On
the whole, grass basal diameter did not change the general
rules of temporal dynamic processes of runoff velocity and
sediment transport capacity. In contrast, the specific change
processes of runoff velocity and sediment transport capacity
differed from one grass basal diameter to another. In detail,
the impact of grass basal diameter on the spatial change pro-
cess of sediment transport capacity was mainly concentrated
in the downstream of gully bed (16"—20™ meter away from
gully head). Finally, the grass basal diameter of 70 mm had
been regarded as the critical condition for effectively reduc-
ing runoff erosion force and increasing runoff energy con-
sumption as well as changing their spatiotemporal change
processes.

Funding This work was supported by the National Natural Science
Foundation of China (grant number 41807075); China West Normal
University General Cultivation Project (grant number 18B07); West
Light Foundation of the Chinese Academy of Sciences (2019); China
West Normal University Research and Innovation Team Project (grant
number CXTD2018-10). The authors are also grateful for the com-
ments from the Associate Editor and the reviewers.

Declarations

Conflict of interest The authors declare no competing interests.

References

Agostini M, Mondini AC, Torri D, Rossi M (2022) Modelling seasonal
variation of gully erosion at the catchment scale. Earth Surf Pro-
cess Landf 47:436—458. https://doi.org/10.1002/esp.5259

Bennett SJ, Wells RR (2019) Gully erosion processes, disciplinary
fragmentation, and technological innovation. Earth Surf Process
Landf 44:46-53. https://doi.org/10.1002/esp.4522

Burylo M, Hudek C, Rey F (2011) Soil reinforcement by the roots
of six dominant species on eroded mountainous manly slopes
(southern Alps, France). Catena 84:70-78. https://doi.org/10.
1016/j.catena.2010.09.007

Chen J, Xiao HB, Li ZW, Liu C, Wang DY, Wang LX, Tang CJ (2019)
Threshold effects of vegetation coverage on soil erosion control
in small watersheds of the red soil hilly region in China. Ecol
Eng 132:109-114. https://doi.org/10.1016/j.ecoleng.2019.04.010

Dagar JC (2018) Perspectives of vegetation ecology and biodiversity
for management of ravine lands. In: Dagar JC, Singh AK (Eds),
Ravine lands: greening for livelihood and environmental secu-
rity. Springer Singapore, Singapore, pp 69-118. https://doi.org/
10.1007/978-981-10-8043-2_3

De Baets S, Poesen J, Gyssels G, Knapen A (2006) Effects of grass
roots on the erodibility of topsoils during concentrated flow. Geo-
morphology 76:54—67. https://doi.org/10.1016/j.geomorph.2005.
10.002

Dong YF, Xiong DH, Su ZA, Yang D, Zheng XY, Shi LT, Poesen J
(2018) Effects of vegetation buffer strips on concentrated flow
hydraulics and gully bed erosion based on in situ scouring experi-
ments. Land Degrad Dev 29:1672-1682. https://doi.org/10.1002/
1dr.2943

Duan QS, Wang JX, Yang Y, Zi SH, Zhang C, Zhang JS, Sun GF, Yu
JX (2017) Soil anti-shear strength enhancement by indigenous
herbaceous roots in dry-hot valley of Jinsha river and its modeling
prediction. Sci Soil Water Conserv 15:87-95. https://doi.org/10.
16843/j.sswc.2017.04.011 (in Chinese)

Fei XJ, Shao XJ (2004) Sediment transport capacity of gullies in small
watersheds. J Sediment Res 1:1-7. https://doi.org/10.16239/].
CNKI.0468-155X.2004.01.001 (in Chinese)

Foster GR, Huggins LF, Meyer LD (1984) A laboratory study of rill
hydraulics: II. shear-stress relationships. Trans ASAE 27:797-
804. https://doi.org/10.13031/2013.32874

Frankl A, Nyssen J, Adgo E, Wassie A, Scull P (2019) Can woody
vegetation in valley bottoms protect from gully erosion? Insights
using remote sensing data (1938-2016) from subhumid NW
Ethiopia. Reg Environ Change 19:2055-2068. https://doi.org/10.
1007/s10113-019-01533-4

Fu SH, Yang YF, Liu BY, Liu HQ, Liu JX, Liu L, Li PP (2020) Peak
flow rate response to vegetation and terraces under extreme rain-
storms. Agric Ecosyst Environ 288:1-7. https://doi.org/10.1016/j.
agee.2019.106714

Gabris G, Kertesz A, Solyom P, Zambo L (2000) Ravine and gully
erosion in the hilly headwater areas of Hungary. In: Martin
FB, Josef K (eds) Environmental reconstruction in headwater
area. Springer, Dordrecht, pp 137-145. https://doi.org/10.1007/
978-94-011-4134-5

Gao H, Xu XZ, Zhang HW, Jiang YZ, Zhao TQ (2020) How effective
is vegetation in reducing gravity erosion on loess gully sidewall
under intense rainfalls? Land Degrad Dev 31:2605-2619. https://
doi.org/10.1002/1dr.3634

@ Springer


https://doi.org/10.1002/esp.5259
https://doi.org/10.1002/esp.4522
https://doi.org/10.1016/j.catena.2010.09.007
https://doi.org/10.1016/j.catena.2010.09.007
https://doi.org/10.1016/j.ecoleng.2019.04.010
https://doi.org/10.1007/978-981-10-8043-2_3
https://doi.org/10.1007/978-981-10-8043-2_3
https://doi.org/10.1016/j.geomorph.2005.10.002
https://doi.org/10.1016/j.geomorph.2005.10.002
https://doi.org/10.1002/ldr.2943
https://doi.org/10.1002/ldr.2943
https://doi.org/10.16843/j.sswc.2017.04.011
https://doi.org/10.16843/j.sswc.2017.04.011
https://doi.org/10.16239/J.CNKI.0468-155X.2004.01.001
https://doi.org/10.16239/J.CNKI.0468-155X.2004.01.001
https://doi.org/10.13031/2013.32874
https://doi.org/10.1007/s10113-019-01533-4
https://doi.org/10.1007/s10113-019-01533-4
https://doi.org/10.1016/j.agee.2019.106714
https://doi.org/10.1016/j.agee.2019.106714
https://doi.org/10.1007/978-94-011-4134-5
https://doi.org/10.1007/978-94-011-4134-5
https://doi.org/10.1002/ldr.3634
https://doi.org/10.1002/ldr.3634

2060

Journal of Soils and Sediments (2022) 22:2048-2061

Gong JG, Zhou ZH, Jia YW, Wang H, Wang WL (2010) Simulation
experiment of ephemeral gully erosion on basis hydraulics param-
eters of concentrated flow and erosion morphology in loess area.
J Soil Water Conserv 24:92-96+100. https://doi.org/10.13870/j.
cnki.stbcxb.2010.05.012 (in Chinese)

Guo MM, Wang WL, Shi QH, Chen TD, Kang HL, Li JM (2019) An
experimental study on the effects of grass root density on gully
headcut erosion in the gully region of China’s loess plateau. Land
Degrad Dev 30:2107-2125. https://doi.org/10.1002/1dr.3404

Gyssels G, Poesen J (2003) The importance of plant root characteristics
in controlling concentrated flow erosion rates. Earth Surf Process
Landf 28:371-384. https://doi.org/10.1002/esp.447

Gyssels G, Poesen J, Liu G, Van Dessel W, Knapen A, De Baets S
(2006) Effects of cereal roots on detachment rates of single- and
double-drilled topsoils during concentrated flow. Eur J Soil Sci
57:381-391. https://doi.org/10.1111/§.1365-2389.2005.00749.x

Hendricksen RE, Myles DJ, Reid DJ, Orr DM (2010) Impacts of graz-
ing management options on pasture and animal productivity in
a heteropogon contortus (black speargrass) pasture in central
Queensland. 3. Diet composition in autumn. Anim Prod Sci
50:276-283. https://doi.org/10.1071/AN09090

Horton RE (1945) Erosional development of streams and their drain-
age basins-hydrophysical approach to quantitative morphology.
Geol Soc Am Bull 56:275-370. https://doi.org/10.1130/0016-
7606(1945)56[275:EDOSAT]2.0.CO;2

Huang R, Huang L, He BH, Zhou LJ, Wang F (2012) Effects of slope
forest and grass vegetation on reducing rainfall-runoff erosivity
in Three Gorges Reservoir region. Trans CSAE 28:70-76. https://
doi.org/10.3969/j.issn.1002-6819.2012.09.012 (in Chinese)

Jia XX, Shao MA, Yu DX, Zhang Y, Binley A (2019) Spatial vari-
ations in soil-water carrying capacity of three typical revegeta-
tion species on the loess plateau, China. Agric Ecosyst Environ
273:25-35. https://doi.org/10.1016/j.agee.2018.12.008

Kertész A, Gergely J (2011) Gully erosion in Hungary, review and
case study. Procedia Soc Behav Sci 19:693—701. https://doi.org/
10.1016/j.sbspro.2011.05.187

Kothyari UC, Hashimoto H, Hayashi K (2009) Effect of tall vegetation
on sediment transport by channel flows. J Hydraul Res 47:700-
710. https://doi.org/10.3826/jhr.2009.3317

Liu XB, Li H, Zhang SM, Cruse RM, Zhang XY (2019a) Gully ero-
sion control practices in northeast China: a review. Sustainability
11:5065-5081. https://doi.org/10.3390/sul 1185065

Liu JE, Zhang XC, Zhou ZC (2019b) Quantifying effects of root sys-
tems of planted and natural vegetation on rill detachment and
erodibility of a Lossiah soil. Soil Tillage Res 195:1-10. https://
doi.org/10.1016/j.sti11.2019.104420

Malik I (2008) Dating of small gully formation and establishing erosion
rates in old gullies under forest by means of anatomical changes
in exposed tree roots (southern Poland). Geomorphology 93:421—
436. https://doi.org/10.1016/j.geomorph.2007.03.007

Mata JM, Perotto-Baldivieso HL, Hernandez F, Grahmann ED, Rideout-
Hanzak S, Edwards JT, Page MT, Shedd TM (2018) Quantifying
the spatial and temporal distribution of tanglehead (Heteropogon
contortus) on south Texas rangelands. Ecol Process 7:1-9. https://
doi.org/10.1186/s13717-018-0113-0

Molina A, Govers G, Cisneros F, Vanacker V (2009) Vegetation and
topographic controls on sediment deposition and storage on gully
beds in a degraded mountain area. Earth Surf Process Landf
34:755-767. https://doi.org/10.1002/esp.1747

Morgan R (1995) Soil erosion and conservation, 2nd edn. Longman
Group, Harlow

Orr DM, Yee MC, Rutherford MT, Paton CJ (2010) Impacts of graz-
ing management options on pasture and animal productivity in
a Heteropogon contortus (black speargrass) pasture in central
Queensland. 2. Population dynamics of Heteropogon contortus

@ Springer

and Stylosanthes scabra cv. Seca Crop Pasture Sci 61:255-267.
https://doi.org/10.1071/CP09194

Pan CZ, Shangguan ZP (2006) Runoff hydraulic characteristics and
sediment generation in sloped grassplots under simulated rain-
fall conditions. J Hydrol 331:178-185. https://doi.org/10.1016/j.
jhydrol.2006.05.011

Poesen J, Nachtergaele J, Verstraeten G, Valentin C (2003) Gully erosion
and environmental change: importance and research needs. Catena
50:91-133. https://doi.org/10.1016/S0341-8162(02)00143-1

Qian N, Wan ZH (2003) Mechanics of Sediment Transport. Science
Press, Beijing (in Chinese)

Rey F (2003) Influence of vegetation distribution on sediment yield
in forested marly gullies. Catena 50:549-562. https://doi.org/10.
1016/S0341-8162(02)00121-2

Shi FS, Wang JN, Lu T, Wu Y, Guo HX, Wu N (2013) Effects of dif-
ferent types of vegetation recovery on runoff and soil erosion on
a Wenchuan earthquake-triggered landslide, China. J Soil Water
Conserv 68:138-145. https://doi.org/10.2489/jswc.68.2.138

Sidorchuk A (2020) The potential of gully erosion on the Yamal Pen-
insula, west Siberia. Sustainability 12:260-277. https://doi.org/
10.3390/su12010260

Spaan WP, Sikking AFS, Hoogmoed WB (2005) Vegetation barrier and
tillage effects on runoff and sediment in an alley crop system on a
luvisol in Burkina Faso. Soil Tillage Res 83:194-203. https://doi.
org/10.1016/j.stil1.2004.07.016

Su ZA, Xiong DH, Dong YF, LiJJ, Yang D, Zhang JH, He GX (2014)
Simulated headward erosion of bank gullies in the dry-hot valley
region of southwest China. Geomorphology 204:532-541. https://
doi.org/10.1016/j.geomorph.2013.08.033

Su ZA, Xiong DH, Dong YF, Zhang BJ, Zhang S, Zheng XY, Yang
D, Zhang JH, Fan JR, Fang HD (2015) Hydraulic properties of
concentrated flow of a bank gully in the dry-hot valley region of
southwest China. Earth Surf Process Landf 40:1351-1363. https://
doi.org/10.1002/esp.3724

Tang GY, Gao CJ, Li K (2015) Effects of vegetation restoration on the ame-
lioration of degraded soil in a dry-hot valley. Acta Ecologica Sinica
35:5157-5167. https://doi.org/10.5846/stxb201312122939 (in Chinese)

Tian JL (2010) Study on environmental effects of ecological construc-
tion in loess plateau. China Meteorological Press, Beijing (in
Chinese)

Valentin C, Poesen J, Li Y (2005) Gully erosion: impacts, factors and
control. Catena 63:132—153. https://doi.org/10.1016/j.catena.
2005.06.001

Wang B, Zhang GH, Shi YY, Zhang XC (2014) Soil detachment by
overland flow under different vegetation restoration models in
the loess plateau of China. Catena 116:51-59. https://doi.org/10.
1016/j.catena.2013.12.010

Wang XD, Zhong XH, Fan JR, Li HX (2005) Study on the morphologi-
cal characteristics of the gully heads in Yuanmou Basin, Arid River
Valley of Jinsha River, China. Scient Geograph Sin 25:63-67.
https://doi.org/10.3969/j.issn.1000-0690.2005.01.010(inChinese)

Wang XM, Zhao L, Yan BG, Shi LT, Liu GC, He YX (2016) Morpho-
logical and physiological responses of Heteropogon contortus to
drought stress in a dry-hot valley. Bot Stud 57:1-17. https://doi.
org/10.1186/s40529-016-0131-0

Wei X (2008) Study on the dynamic process and adjust-control of ero-
sion and sediment yield of the slope-gully system in loess plateau.
Dissertation, Xi’an University of Technology. (in Chinese)

Wen ZM, Lees BG, Jiao F, Lei WN, Shi HJ (2010) Stratified vegetation
cover index: a new way to assess vegetation impact on soil erosion.
Catena 83:87-93. https://doi.org/10.1016/j.catena.2010.07.006

Wijdenes DJO, Poesen J, Vandekerckhove L, Ghesquiere M (2000)
Spatial distribution of gully head activity and sediment supply
along an ephemeral channel in a Mediterranean environment. Cat-
ena 39:147-167. https://doi.org/10.1016/S0341-8162(99)00092-2


https://doi.org/10.13870/j.cnki.stbcxb.2010.05.012
https://doi.org/10.13870/j.cnki.stbcxb.2010.05.012
https://doi.org/10.1002/ldr.3404
https://doi.org/10.1002/esp.447
https://doi.org/10.1111/j.1365-2389.2005.00749.x
https://doi.org/10.1071/AN09090
https://doi.org/10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2
https://doi.org/10.1130/0016-7606(1945)56[275:EDOSAT]2.0.CO;2
https://doi.org/10.3969/j.issn.1002-6819.2012.09.012
https://doi.org/10.3969/j.issn.1002-6819.2012.09.012
https://doi.org/10.1016/j.agee.2018.12.008
https://doi.org/10.1016/j.sbspro.2011.05.187
https://doi.org/10.1016/j.sbspro.2011.05.187
https://doi.org/10.3826/jhr.2009.3317
https://doi.org/10.3390/su11185065
https://doi.org/10.1016/j.still.2019.104420
https://doi.org/10.1016/j.still.2019.104420
https://doi.org/10.1016/j.geomorph.2007.03.007
https://doi.org/10.1186/s13717-018-0113-0
https://doi.org/10.1186/s13717-018-0113-0
https://doi.org/10.1002/esp.1747
https://doi.org/10.1071/CP09194
https://doi.org/10.1016/j.jhydrol.2006.05.011
https://doi.org/10.1016/j.jhydrol.2006.05.011
https://doi.org/10.1016/S0341-8162(02)00143-1
https://doi.org/10.1016/S0341-8162(02)00121-2
https://doi.org/10.1016/S0341-8162(02)00121-2
https://doi.org/10.2489/jswc.68.2.138
https://doi.org/10.3390/su12010260
https://doi.org/10.3390/su12010260
https://doi.org/10.1016/j.still.2004.07.016
https://doi.org/10.1016/j.still.2004.07.016
https://doi.org/10.1016/j.geomorph.2013.08.033
https://doi.org/10.1016/j.geomorph.2013.08.033
https://doi.org/10.1002/esp.3724
https://doi.org/10.1002/esp.3724
https://doi.org/10.5846/stxb201312122939
https://doi.org/10.1016/j.catena.2005.06.001
https://doi.org/10.1016/j.catena.2005.06.001
https://doi.org/10.1016/j.catena.2013.12.010
https://doi.org/10.1016/j.catena.2013.12.010
https://doi.org/10.3969/j.issn.1000-0690.2005.01.010(inChinese)
https://doi.org/10.1186/s40529-016-0131-0
https://doi.org/10.1186/s40529-016-0131-0
https://doi.org/10.1016/j.catena.2010.07.006
https://doi.org/10.1016/S0341-8162(99)00092-2

Journal of Soils and Sediments (2022) 22:2048-2061

2061

WuJZ, Chen AM, Cui Y, Luo QH, Sun F, Yan SW, Lin YM, Wang DJ
(2018) Relationship between near-surface morphological traits of
familiar plants and their ability for sediment retention in a dry-hot
valley. China J Appl Environ Biol 24: 1236-1246. https://doi.org/
10.19675/j.cnki.1006-687x.2018.01024 (in Chinese)

Wu Q, Yang CX, Chen YE, Guo LN (2010) A review study of grass
on reducing erosion. Soil Water Conserv China. https://doi.org/
10.14123/j.cnki.swcc.2010.06.010 (in Chinese)

Wu YQ, Zheng QH, Zhang YG, Liu BY, Cheng H, Wang YZ (2008)
Development of gullies and sediment production in the black soil
region of northeastern China. Geomorphology 101:683-691.
https://doi.org/10.1016/j.geomorph.2008.03.008

Xiao PQ, Yao WY, Shen ZZ, Yang CX (2011) Experimental study on
erosion process and hydrodynamics mechanism of alfalfa grass-
land. Shui Li Xue Bao 42:232-237. https://doi.org/10.13243/j.
cnki.slxb.2011.02.017 (in Chinese)

Yang D, Xiong DH, Zhai J, Li JJ, SuZA, Dong YF (2012) Morphologi-
cal characteristics and causes of gullies in Yuanmou dry-hot val-
ley region. Sci Soil Conserv 10:38—45. https://doi.org/10.16843/j.
sswc.2012.01.007 (in Chinese)

Yang D, Xiong DH, Zhang BJ, Guo M, Su ZA, Dong YF, Zhang S,
Xiao L, Lu XN (2017) Effect of grass basal diameter on hydrau-
lic properties and sediment yield processes in gully beds in the
dry-hot valley region of southwest China. Catena 152:299-310.
https://doi.org/10.1016/j.catena.2017.01.023

Yang D, Xiong DH, Guo M, Su ZA, Zhang BJ, Zheng XY, Zhang S,
Fang HD (2015) Impact of grass belt position on the hydraulic
properties of runoff in gully beds in the Yuanmou dry-hot valley
region of southwest China. Phys Geogr 36:408—425. https://doi.
org/10.1080/02723646.2015.1074517

Yang ZD (2000) Sediment transport theory and practice. China Water
Conservation and Hydropower Press, Beijing (in Chinese)

Yu XX, Zhang XM, Niu LL, Yue YJ, Wu SH, Zhang ML (2009)
Dynamic evolution and driving force analysis of land use/cover
change on loess plateau watershed. Trans CSAE 25:219-225.
https://doi.org/10.3969/j.issn.1002-6819.2009.07.040 (in Chinese)

Zhang ST, Zhang JZ, Liu Y, Liu YC, Li GB (2018a) The Resistance
effect of vegetation stem diameter on overland runoff under dif-
ferent slope gradients. Water Sci Technol 78:2383-2391. https://
doi.org/10.2166/wst.2018.524

Zhang ST, Zhang JZ, Liu YC, Liu Y, Wang ZK (2018b) The effects of
vegetation distribution pattern on overland flow. Water Environ J
32:392-403. https://doi.org/10.1111/wej.12341

Zhang XY, Zhou ZC (2015) Research progress on mechanism of grass-
land vegetation regulating soil erosion in loess plateau. Prata-
cultural Sci 32:64-70. https://doi.org/10.11829/j.issn.1001-0629.
2014-0285(in Chinese)

Zhang YC (2005) Study on ecological effects and mechanisms of
soil remediation by restoring native herbage in xerothermic val-
ley region. Dissertation, Southwest Agricultural University (in
Chinese)

Zhao CH, Gao JE, Huang YF, Wang GQ, Zhang MJ (2016) Effects of
vegetation stems on hydraulics of overland flow under varying
water discharges. Land Degrad Dev 27:748-757. https://doi.org/
10.1002/1dr.2423

Zheng FL, Xiao PQ (2009) Erosion pattern evolvement and sediment
process of gully erosion on loess plateau. Science Press, Beijing
(in Chinese)

Zhou ZC, Shangguan ZP, Zhao D (2006) Modeling vegetation coverage
and soil erosion in the loess plateau area of China. Ecol Modell
198:263-268. https://doi.org/10.1016/j.ecolmodel.2006.04.019

Zhu HY (2005) Effects of restoring Heteropogon contortus community
on structure, moisture & fertility of degraded xerothermic soil.
Dissertation, China Agricultural University (in Chinese)

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.19675/j.cnki.1006-687x.2018.01024
https://doi.org/10.19675/j.cnki.1006-687x.2018.01024
https://doi.org/10.14123/j.cnki.swcc.2010.06.010
https://doi.org/10.14123/j.cnki.swcc.2010.06.010
https://doi.org/10.1016/j.geomorph.2008.03.008
https://doi.org/10.13243/j.cnki.slxb.2011.02.017
https://doi.org/10.13243/j.cnki.slxb.2011.02.017
https://doi.org/10.16843/j.sswc.2012.01.007
https://doi.org/10.16843/j.sswc.2012.01.007
https://doi.org/10.1016/j.catena.2017.01.023
https://doi.org/10.1080/02723646.2015.1074517
https://doi.org/10.1080/02723646.2015.1074517
https://doi.org/10.3969/j.issn.1002-6819.2009.07.040
https://doi.org/10.2166/wst.2018.524
https://doi.org/10.2166/wst.2018.524
https://doi.org/10.1111/wej.12341
https://doi.org/10.11829/j.issn.1001-0629.2014-0285
https://doi.org/10.11829/j.issn.1001-0629.2014-0285
https://doi.org/10.1002/ldr.2423
https://doi.org/10.1002/ldr.2423
https://doi.org/10.1016/j.ecolmodel.2006.04.019

	Impacts of grass basal diameter on runoff erosion force and energy consumption in gully bed in dry-hot valley region, Southwest China
	Abstract
	Purpose 
	Materials and methods 
	Results and discussion 
	Conclusion 

	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Experiment design and data collection
	2.3 Data analysis

	3 Results
	3.1 The change process of runoff velocity under the influence of grass basal diameter
	3.1.1 Temporal variation of runoff velocity
	3.1.2 Spatial variation of runoff velocity

	3.2 The change process of runoff sediment transport capacity under the influence of grass basal diameter
	3.2.1 Temporal variation of sediment transport capacity
	3.2.2 Spatial variation of sediment transport capacity

	3.3 The change processes of runoff energy consumption under the influence of grass basal diameter

	4 Discussion
	5 Conclusions
	References


