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1 | INTRODUCTION

Gully erosion, a serious issue that is widespread worldwide, has long
been recognized as an important research topic for soil erosion
research (Bennett & Wells, 2019; Castillo & Gémez, 2016). Gully ero-
sion has on-site effects such as crop yield loss (Valentin, Poesen, &
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Abstract

Land use/cover plays a crucial role in gully head retreat (GHR). However, little is
known about how land use/cover influences GHR rates. An in situ simulation experi-
ment of rainfall and upstream inflow was conducted in a gullied loess region to inves-
tigate hydraulic erosion, mass movements, and linear GHR processes under three
types of land use/cover (bare land, grassland, and shrub-grass land). The results
showed that the average linear GHR rates on grassland and shrub-grass land were
87-89% and 72-81% lower than that on bare land (0.99-2.06 cm min™2), respec-
tively. Gully heads retreat by hydraulic and gravitational erosion. In the case of
hydraulic erosion, upstream runoff incision is dominant on bare land, while undercut-
ting by on-wall and jet flow dominates on grassland and shrub-grass land. In the case
of mass movement, collapse dominates with a frequency of 62-100%, of which gully
sidewall collapse is most common, especially on bare land and it acts to widen the
gully. Gully headwall collapse dominates on grassland and shrub-grass land to cause
retreat of the gully head. Overall, on bare land, upstream runoff incision dominates
GHR. However, on grassland/shrub-grass land GHR is mainly driven by the undercut-
ting of on-wall and jet flow and subsequent gully headwall collapses. As a conse-
quence, the GHR length on bare land exponentially increases over time, while on
grassland or shrub-grass land, it discretely increases as an analogous step function.
Moreover, the average linear GHR rate on grassland was considerably lower than
that on shrub-grass land, implying that an optimized vegetation restoration pattern

enhances GHR control.
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Li, 2005), landscape dissection, and potentially the transformation of
countryside into badland (Makanzu Imwangana, Dewitte, Ntombi, &
Moeyersons, 2014). Furthermore, gully erosion is an important source
of sediments and therefore has off-site impacts such as raising river-
beds (stream siltation), which causes flooding and water pollution
(Poesen, Nachtergaele, Verstraeten, & Valentin, 2003). Vast efforts
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have been made globally to prevent or counter gullying in recent years
(Addisie et al., 2017; Frankl et al., 2016; Yan et al., 2020; Zegeye
et al.,, 2017). Gully head retreat (GHR), as the major process of gully
initiation and development (Guan et al., 2021; Poesen, Torri, &
Vanwalleghem, 2011; Vanmaercke et al, 2016; Zheng, Xu, &
Qin, 2016), needs to be controlled. Therefore, it is of great value to
reveal the processes and mechanisms of GHR.

A gully head is normally a vertical or near-vertical drop or discon-
tinuity from an upstream area to a gully bed (Hanson, Robinson, &
Cook, 1997, 2001). Globally, GHR rates vary with a large range of
0.01-135myr~* in length, 0.01-3268 m? yr~* in area and 0.002-
47430 m® yr~! in volume (Vanmaercke et al., 2016). The rates are
affected by various factors such as the size and shape of the upstream
area draining to the gully head, weather, and climatic conditions, land
use/cover and soil characteristics, topography, vegetation, seismicity,
etc. (Vanmaercke et al., 2016). Rainfall and the drainage area are the
two most important impacting factors causing variations in GHR rates
at local and global scale (Beer & Johnson, 1963; Rieke-Zapp &
Nichols, 2011; Thompson, 1964; Vanmaercke et al., 2016). Further-
more, soil physicochemical properties determine the susceptibility of
gully heads to concentrated flow scouring and seepage and subse-
piping and affect GHR rates
(Faulkner, 1995; Kariminejad, Hosseinalizadeh, Pourghasemi,
Bernatek-Jakiel, & Alinejad, 2019; Oostwoud Wijdenes, Poesen,
Vandekerckhove, & Ghesquiere, 2000; Vandekerckhove, Poesen,

quent thereby significantly

Oostwoud Wijdenes, & Gyssels, 2001; Vanwalleghem, Poesen,
Nachtergaele, & Verstraeten, 2005). Moreover, land use/cover, gener-
ally involves various vegetation cover conditions, soil properties, and
management policies and may directly affect GHR.

Initially, land use/cover influences hydraulic and topographic con-
ditions for gully initiation (Faulkner, 1995; Hayas, Poesen, &
Vanwalleghem, 2017; Poesen et al., 2003; Samani, Chen, Khalighi,
Wasson, & Rahdari, 2016; Torri et al., 2018; Vandekerckhove
et al., 2000). Land uses, such as forested areas, rangelands, pastures
and cropland, have clear effects on the resistance of a site to gully
head development (Torri et al, 2018; Torri & Poesen, 2014).
Vandekerckhove et al. (2000) showed that vegetation type and cover
could better explain differences in topographical threshold levels for
gully initiation than could climate conditions in Mediterranean Europe.
Likewise, Hosseinalizadeh et al. (2019) confirmed that land use had
the greatest influence on gully headcut occurrence in the loess area of
Golestan Province, Iran. Accordingly, land use/cover can play a key
role in gully initiation.

Land use/cover affects GHR rates. From a temporal perspective,
changes in land use/cover over time influence gully erosion and/or
GHR rates for the same individual gullies or study sites.
Vandekerckhove, Poesen, & Govers (2003) identified the importance
of land use changes according to considerable differences between
GHR rates measured for individual gullies over short- and medium-
term scales. Mukai (2017) reported that the temporal variation in land
use/cover was strongly correlated with the rates of gully erosion in
Ethiopia based on photogrammetric techniques. It has even been con-

cluded that land use change was expected to have a greater impact

than climate change on gully erosion (Valentin et al., 2005). Some land
use changes, for instance the destruction of extensive shrubland and
conversion to apricot orchards (Faulkner, 1995), removal of indige-
nous vegetation (Tebebu et al., 2010), enlargement of arable fields
(Nachtergaele & Poesen, 1999), soil compaction, road construction,
and urbanization (Carvalho Junior et al., 2010), will decrease gully inci-
sion thresholds, increase runoff generation, and subsequently lead to
a significant increase in gully erosion risk and rates (Poesen
et al., 2003). In contrast, land use rationalization may play an impor-
tant role in controlling gully development. Bork, Li, Zhao, Zhang, &
Yang (2001) confirmed that an increase in forest area and/or decrease
in cropland area in the upper region of the Yangtze River (SW China)
in the second half of the 20th century significantly alleviated gully
development. However, Martinez-Casasnovas, Ramos, & Garcia-
Hernandez (2009) found that land/vegetation cover on gully walls did
not affect sidewall retreat and mass movement in the period of
1975-2002 in a gully head of the Penedés region (northeastern
Spain).

From a spatial perspective, GHR rates vary under different land-
use/cover types over the same period. Oostwoud Wijdenes
et al. (2000) reported that the maximum number of active gully heads
and the highest gullying activity were found on farmland planted with
apricot, intercropped with wheat, and on abandoned land and grassy
fields in southeastern Spain. Li, Zhang, Zhu, He, & Yao (2015)
suggested that gully areas increased more quickly in catchments
where the proportion of farmland was greater than 15% and in catch-
ments dominated by grassland than in catchments dominated by for-
estland on the Chinese Loess Plateau. Fan et al. (2004) found that
gully heads on bare land retreated at the highest rate they measured -
146.7 cmyr~?, followed by that on farmland (30.0-86.3 cm yr™3),
grassland (29.3 cm yrY), and forestland (5.0-16.7 cm yr™%) in the
Yanmou Basin of southwestern China. In the same basin, Wang,
Zhong, Liu, & Li (2008) found that GHR rates for different land
use/cover types showed a decreasing order as follows: bare land,
farmland for only crops, mixture of orchards and crops, combination
of forest and grass and combination of forest, shrubs, and grass. Nev-
ertheless, Vanwalleghem et al. (2005) observed almost identical fre-
quencies of deep (1.7 + 0.8 m) gully occurrences on fallow land, maize
field and wheat land in the loess region of Belgium and concluded that
land use was not a decisive factor in the formation of deep gullies.
Similarly, Mukai (2017) concluded that land use/cover over a similar
period played a minor role in the area-specific volume of the gully
networks.

Overall, land use/cover change plays a dominant role in the initia-
tion of gullies and has been widely reported to affect GHR rates. Evi-
dently, land use/cover not only influences soil properties to determine
the soil erosion sensitivity to gullying but also affects runoff produc-
tion to determine erosive force causing gully initiation and develop-
ment (Mhiret et al., 2019; Nyssen et al., 2006; Tebebu et al., 2010;
Vanmaercke et al., 2016). To date, little is known about how land
use/cover affects GHR rates. Since the difficulties associated with
accurately quantifying the effects of land use/cover on runoff produc-

tion and soil properties, land use/cover-related parameters have rarely
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been included in GHR prediction models (Allen, Arnold, Auguste,
White, & Dunbar, 2018; Li et al., 2015; Vanmaercke et al., 2016). Fur-
thermore, processes controlling GHR include runoff incision, plunge
pool erosion by jet flow, scour hole erosion by on-wall flow, fluting,
piping and seepage, mass failure, and sediment transportation
(Bradford, Piest, & Spomer, 1978; Chen et al., 2013; Dong
et al., 2019; Morgan & Mngomezulu, 2003; Qin, He, Zheng, Han, &
Zeng, 2018; Stein, Julien, & Alonso, 1993; Vanmaercke et al., 2016;
X. M. Xu, Wilson, Zheng, & Tang, 2020); however, the process that
becomes dominant under each land use/cover type is still unclear.
Therefore, we undertook a series of in-situ simulations of rainfall and
upslope runoff on the gullied loess region of China to: (a) investigate
the effects of land use/cover (i.e., bare land, grassland and shrub-grass
land) on hydraulic erosion and mass movement during GHR;
(b) identify the difference in the linear GHR processes among the
three different land use/cover types from the perspectives of hydrau-
lic erosion and mass movement; and (c) reveal the influence mecha-
nism of land use/cover on the linear GHR rate.

2 | MATERIALS AND METHODS

21 | Study area

The study was carried out at the Xifeng Soil and Water Conservation
Experimental Station, a field station operated by the Yellow River
Conservancy Commission (YRCC) of the Ministry of Water Resources,
China. The station is located within the Nanxiaohegou watershed
(E107°30'-107°37’, N35°41’-35°44'), which is a typical catchment of
the gullied loess region in the Loess Plateau (Figure 1). The watershed
is located near of the Pu River, covering an area of 36.5 km? and an
altitude of 1050 m-1423 m. The watershed is within the arid and

semiarid climate zone with a mean annual precipitation of 552.1 mm,
of which 55.2% occurs during July-September. The dominant soil
type is loess-loam. The mean annual sediment transport modulus was
4350 t km™2, more than 85% of which came from gully erosion during
1955-1974 in the watershed (Liu, Liu, & Yang, 2014). The
Nanxiaohegou watershed has been a testing region for comprehen-
sive and scientific control of soil and water loss in the Loess Plateau
since the establishment of the Xifeng Soil and Water Conservation
Experimental Station in 1951. Land use/cover in the watershed has
been greatly improved and gully erosion has been well controlled
through 50 years of management (R. J. Zhang et al., 2015). The main
plants in the region include evergreen trees such as Pinus
tabulaeformis Carr. and Platycladus orientalis (L.) Franco, deciduous
trees such as Robinia pseudoacacia L. and Armeniaca sibirica (L.) Lam.,
shrubs such as Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H.F.
Chow. and Hippophae rhamnoides L. and grasses such as Medicago sat-
iva L., Bothriochloa ischaemum (L.) Keng, Setaria viridis (L.) Beauv.,
Agropyron cristatum (L.) Gaertn. and Artemisia vestita Wall. ex Bess.

2.2 | Experimental design

221 | Experimental treatments

Nine experimental runs (three land use/cover type treatments and
three slope gradient treatments) were carried out. Three typical land
use/cover types were chosen in the study area, including bare land,
grassland, and shrub-grass land. The slope gradients of upstream dis-
charge areas in the field are mostly less than 10° (Yang, Li, Wang, &
Yang, 2014); hence, 3°, 6°, and 9° were chosen under each land
use/cover type. Each run was conducted under the same experimen-
tal duration, rainfall intensity, and inflow discharge.
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2.2.2 | Experimental duration, rainfall intensity,
and inflow discharge design

GHR is driven mostly by rainstorms in the study region. In the Xifeng
region, more than 70% of the rainstorms have a short duration of less
than 180 min (H. X. Zhang, 1983). To observe a well-developed gully
head under the experimental condition, the duration of the simulated
rainfall was set to 180 min. Based on the standard of heavy rain in the
Loess Plateau proposed by H. X. Zhang (1983), a 180-min rainstorm
typically has a rainfall intensity of more than 22.8 mm hr™%. As a con-
sequence, in this study, a rainfall intensity of 30-mm hr~! was
selected. The experimental inflow discharge was calculated using the
following formula (Guo et al., 2019):

AXAXixd
- XA )

Where: q is the inflow discharge, mhr~; A is the upstream area, km?,
with a range of 0.145-8.696 km? (Che, 2012); D is the width of the
upstream area, km; i is the rainfall intensity, i = 30 mm hrt; d is the
plot width, d = 1.5 m in this study; and A is the runoff coefficient on
tableland in this study region, 1 = 0.2 (Xing, Li, Liu, Jia, & Liu, 1991).
The inflow discharge was calculated to be in a range of 8.42-
3585m°hr? with a :
(Table S1). As a result, the inflow discharge was set to 16 m® hr

mean of approximately 16.22 m®hr~
-1

Table 1 shows the basic information about the experimental design.

2.3 | Experimental plot preparation

The experimental site was at the Xifeng Soil and Water Conservation
Experiment Station, facilitating clear water and an electricity supply.
Three flat bench terraces were chosen and used as bare land, grass-
land, and shrub-grass land (Figure 2a). Basic information about the
main vegetation types and coverage, soil properties, and root biomass
density of the three types of lands is shown in Table 2. Three experi-
mental plots were built on each terrace (Figure 2b), and a total of nine
experimental plots were established. Each plot consisted of an
upstream slope, gully headwall, and gully bed (Figure 2c). The widths,
depths, and slopes of the gully heads were set to 1.5, 1.2 m, and 90°,
respectively (Guo et al., 2019). The horizontal lengths of the upstream
slopes and the gully beds were set to 8.0 and 1.0 m, respectively, and

the widths were both set to 1.5 m (Figure 2d). The slope gradient of
the gully bed was set to be the same as that of the upstream slope. All
plots were built from April to May 2015. First, the gully headwalls and
gully beds were built through soil excavation. Then, slope-cutting
technology was applied to construct the upstream slopes. The above-
ground vegetation on the constructed upstream slopes was des-
troyed, therefore, the plots were left for 1 year of natural restoration

to allow the aboveground vegetation to grow.

24 | Experimental installations

Experimental installations included rainfall simulation equipment, flow
release setups, sampling pools, and photographic devices are shown in
Figure 2d. A rainfall simulator installed 2.05 m above the soil surface
was formed from a rectangular framework of PVC pipes with 20 sprin-
kling nozzles each with a radius of 1.0 mm (Xu, Liu, et al., 2015; Xu,
Zhang, Wang, Zhao, & Yan, 2015). The nozzles were evenly arranged
with spacing intervals of 0.67 m. Valves and pressure gauges were
installed in the water-supply pipe to adjust and monitor the rainfall
intensity. The measurements before the experment indicated that the
simulated rainfall could reach the target intensity with a uniformity of
more than 80%. Flow release setups were composed of: a 20 m® cis-
tern, submersible pumps, tee-joints, water pipes with a diameter of
65mm, and a steady flow tank (length x width x height:
0.6 mx 1.5 m x 0.5 m). Likewise, valves and a split electromagnetic
flowmeter (GY-LED), with an accuracy of 0.01 mS hr~%, were used to
adjust and monitor the inflow discharge. The sampling pool was used
to gather runoff and sediment discharged from the experimental plot.
Photographic devices, including a high-definition webcam, Logitech
C920 PRO with a resolution of 2.0 megapixels and a tripod, were

installed in front of the plot to record the erosion processes.

2.5 | Experimental procedure

The experiment was conducted from July to September 2016. Unfor-
tunately, the plot on the grassland under an upstream slope gradient
of 9° was destroyed in a rain storm in August 2015 because of the
development of an undetected cave under the upstream area. Before
the experiment, the aboveground parts of the grass and shrubs was
cut to maintain the same height (i.e., 5 cm) to clearly observe the

TABLE 1 Experimental treatments
Land use/cover type Upstream slope gradient Run Simulated rainfall Inflow discharge Experimental duration of
treatments treatments (°) code intensity (mm hr=?) (m® hrY) each run (min)
Bare land 3,6,9 Run 1, 30 16 180
2,3
Grassland 3,6,9 Run 4,
56
Shrub-grass land 3,6,9 Run 7,

8,9



KANG ET AL.

77 __‘

s
L") ) The head\% of Xifeng
;" Soil and ALere rvation

Experimental Station ) "

Rainfall simulator

The bench terrace

used z‘a‘s%tssland

The benchrterrace

Steady flow tank

o Upstream slope
\ Flow direction /
ot badlo o

] ] & & &t

9
S
1O
1B

Photographic

used as bar_e Jand E m'. o }l)”y headwall om devices
7N Se——
£ Gully bed Sampling pool
_——— The bench terrace 8.0m 1.0m \\.
)2 used.ag driperass layd Soil bed Soil retaining wall—— | ﬂ(ﬂnﬂow

FIGURE 2

(a) The locations of the three bench terraces used as bare land, grassland, and shrub-grass land; (b) the three test plots built on

each bench terrace; (c) the components of each experimental plot; and (d) a sketch of the plot and the experimental setups [Colour figure can be

viewed at wileyonlinelibrary.com]

morphology of the gully head and flow velocity. The height was
greater than the runoff depth so that the plants still acted with resis-
tance to runoff. Additionally, to ensure an almost equivalent initial
moisture in all plots before the experiment, simulated rainfall with an
intensity of <15 mm hr~! was applied to each plot. Specifically, each
plot was subjected to the simulated rainfall until surface runoff was
generated and then was allowed to stand for 24 hr covered with
evaporation-preventive plastic sheeting. According to the hydrological
process under natural conditions, simulated rainfall with an intensity
of 30 mm hr~! was applied first, and at the time, runoff was gener-
ated, water from the steady flow tank was released at a rate of
16.0 m® hr™2. The released water was uniformly distributed across the
width of each plot at the beginning of each run. When the mixture of
released water and rainfall runoff flowed to the outlet of the plots, we

started monitoring and collecting measurements (Figure S1).

2.6 | Experimental monitoring and measurements

2.6.1 | Linear retreat processes

Headcuts migrate in different ways (Gardner, 1983; Holland &
Pickup, 1976; Stein & Julien, 1993). Unlike previous studies
(Su et al., 2014; Zhang, Xiong, Zhang, Zhang, et al., 2018), we identi-
fied the retreat lengths of different parts of the gully headwall rather
than the average retreat length of the gully head. In this study, we
defined the GHR length (GL), headwall retreat length (WL), and
headwall scour hole depth (HD). The GL was defined as the maximum
distance between the retreated gully headwall and the originally built

gully headwall from the top plan view (Figure 3). If the upper part of

the gully headwall retreated faster than the lower part, only the GL
was measured (Figure 3a). A critical cross-section of 929 cm? was
chosen to distinguish the retreated gully from the developed rills on
the eroded (Oostwoud  Wijdenes,

Vandekerckhove, Nachtergaele, & De Baerdemaeker, 1999; Poesen,

upstream  slope Poesen,
Vandaele, & Van Wesemael, 1996). However, if the lower part of the
gully headwall retreated faster than the upper part, a scour hole
(Collison, 2001; Guo et al., 2019; Zhang, Xiong, Zhang, Wu,
et al., 2018) formed on the headwall; in this case, the HD was defined
as the distance from the deepest point to the opening plane of the
scour hole (Figure 3b). Additionally, the WL was defined as the dis-
tance from the deepest point of the headwall scour hole to the origi-
nally built gully headwall (Figure 3b). A steel ruler with an accuracy of
1 mm was used to measure the above indicators at a 5-min interval.

262 |
process

Hydraulic parameters and mass movement

Runoff discharge was monitored with a standard runoff tank. Flow
velocity, flow surface width, and flow depth in the upstream discharge
area were manually measured. Flow velocity was measured by the
color tracer method using potassium permanganate solution and a
stopwatch. All measurements were repeated every 5 min.

Mass movement generally occurred occasionally and suddenly;
therefore, video image capture technology was used to obtain infor-
mation on each mass movement event, such as the occurrence time,
(eg.
(e.g., collapse, slide, and mudflow), as well as the resulting morphology

position gully headwall and gully sidewall)) and type

changes from mass movements.
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TABLE 2 Basic information about the three types of land use/cover

Root biomass density in different diameter

classification (kg m=3)

Soil property

KANG ET AL.

Bulk

Land

>0.25 mm aggregates

content (%)

Disintegration rate

(g min~")

Infiltration rate

(mm hr™%)

density
(gem™)

Vegetation

Dominant

use/cover
type

<0.5 mm

1-2 mm 0.5-1 mm

>2 mm

coverage (%)

0

vegetation type

38.29 £0.12

2.05 +0.00
0.54 +0.11

26.36 £ 1.07

1.32+0.10
1.31+£0.03

No vegetation

Bare land

043+001 026+0.07 0.38+0.02

0.69 + 0.06

62.84 + 3.86

33.93+221

60-66

Crested

Grassland

wheatgrass
Wild jujube;

52.23+0.38 1.13+£0.11 047+0.13 0.17+0.05 0.22+0.02

0.74 + 0.05

42.13 £2.00

1.25+0.03

78-84

Shrub-grass

Alfalfa

land

Note: Wild jujube (Ziziphus jujuba Mill. var. spinosa (Bunge) Hu ex H.F.Chow.); Alfalfa (Medicago sativa L.).

2.7 | Data analysis

Hydraulic parameters including the shear stress (z, Pa), stream power (w,

w m~2), and unit stream power (U, m s™%) were calculated as follows:

= pu-gR 2)
w=py-g8RJv=z0 (3)
U=v-J, 4)

where R is the hydraulic radius, m; v is the flow velocity, m s7*

2

;g is
: pw is the water density, kg m=3;

the acceleration due to gravity, m s™
and J is the hydraulic gradient, m m™2.

All statistical analyses and figures were carried out with SPSS
21.0 and ORIGIN 8.5 software. Nonlinear regression analyses were
used to determine the statistical relationships between stream power,
GHR length, headwall retreat length, and time duration. One-way
analysis of variance was used to test for differences among the differ-

ent experimental treatments.

3 | RESULTS
3.1 | Hydraulic erosion characteristics
3.1.1 | Runoff characteristics

Table 3 shows the averages of the runoff discharge and hydraulic
parameters on the upstream slope. The average runoff discharge on
bare land (14.06-14.75 m® hr™! under upstream slope gradients of
3°-9°) was greater than that on grassland and shrub-grass land.
Shrub-grass land, with the highest infiltration rate among the three
types of land use/cover (Table 2), had the lowest runoff discharge
(10.21-12.42 m® hr™Y). Land use/cover change not only influenced
the runoff discharge but also the hydraulic conditions on the upstream
slope. In terms of the runoff velocity, as illustrated in Table 3, the
average runoff velocity on the upstream slope for bare land (0.50--
0.68 m s™1) was 35-45% and 43-61% greater than for grassland and
shrub-grass land, respectively. From the perspective of runoff energy,
bare land had the greatest shear stress, stream power, and unit stream
power on the upstream slope, which were 44-72%, 46-93%, and
50-75% higher than those on grassland and 28-104%, 57-90%, and
50-75% higher than those on shrub-grass land.

3.1.2 | Hydraulic erosion processes

Figure 4 shows the typical hydraulic erosion processes under the
three types of land use/cover. On bare land, an incised channel first
formed at the upper edge of the headwall driven by upstream runoff,
which in turn further concentrated the runoff to incise the gully head

(Figure 4a). Subsequently, the splashing point of the jet flow on the
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FIGURE 3 The longitudinal profiles of two typical retreated gully heads including (a) the upper part of the gully headwall retreating faster than the
lower part and (b) the lower part of the gully headwall retreating faster than the upper part [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 The averages of inflow discharge, runoff discharge and hydraulic parameters on the upstream slope

Land Runoff
use/cover Upstream slope Inflow discharge  discharge
type gradient (°) (m*hr?) (m*hr )
Bare land 3 15.96 14.06

6 16.08 14.27

9 16.10 14.75
Grassland 3 15.97 10.98

6 15.88 11.77

9 = —
Shrub-grass 3 16.15 10.21

land 6 16.11 11.26
9 15.90 12.42

Runoff Shear Stream

velocity stress power Unit stream
(cms™Y) (Nm=2) (W m™2?) power (m s™%)
0.50 6.59 2.94 0.03

0.61 8.50 4.65 0.07

0.68 12.37 6.21 0.09

0.37 3.82 2.02 0.02

0.42 5.90 241 0.04

0.35 3.23 1.78 0.02

0.38 6.63 245 0.04

0.45 9.29 3.95 0.06

Note: —, The data on grassland under an upstream slope gradient of 9° failed to be obtained.

gully bed advanced with the retreat of the upper headwall; therefore,
no obvious scour hole formed on the gully headwall or plunge pool on
the gully bed. Therefore, upstream runoff incision dominated hydrau-
lic erosion during GHR on bare land; as a consequence, the upper part
of the gully headwall retreated faster than the lower part. However,
on grassland and shrub-grass land, the upstream slope was slightly
eroded with no obvious morphological change (Figure 4b,c). Further-
more, on-wall flow and jet flow seriously eroded the lower part of the
gully headwall and the gully bed to form a scour hole and a plunge
pool, respectively, and subsequently, the upper part of the gully
headwall was hung (Figure 4b,c). Therefore, undercutting by on-wall
and jet flow scour dominated hydraulic erosion during GHR on grass-
land and shrub-grass land, resulting in the faster retreat of the lower

part of the gully headwall.

3.2 | Mass movement characteristics

Collapse, slide, mudflow, and topple were observed during GHR

(Figure S2), of which collapse was dominant in mass movements

with a proportion of 62-100% of the total number of mass move-
ment occurrences (Table 4). The proportion of collapse was the
greatest on shrub-grass land, followed by that on grassland and
bare land. Based on the occurrence position, collapse was divided
into two types: gully headwall collapse and gully sidewall collapse.
On bare land, gully sidewall collapse was the main type of collapse,
while gully headwall collapse was dominant on grassland and shrub-
grass land (Table 4). Furthermore, according to the gully morpho-
logical change resulting from the collapse events, gully headwall
collapse was grouped into gully headwall scour hole collapse
(GHSC), which enlarged the headwall scour hole (Figure 5a), and
gully headwall overhanging mass collapse (GHOC), which directly
led to linear GHR (Figure 5b); additionally, gully sidewall collapse
was grouped into gully sidewall scour hole collapse (GSSC), which
enlarged the sidewall scour hole (Figure 5c), and gully sidewall over-
hanging mass collapse (GSOC), which directly widened the gully
(Figure 5d). On bare land, no GHOC but 5-10 occurrences of GSOC
were observed, indicating that collapse played a very limited role in
linear GHR for bare land but was critical to gully widening. How-

ever, on grassland and shrub-grass land, the 2-15 occurrences of
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TABLE 4 The number of different types of mass movement occurrences

Land
use/cover
type

Bare land

Grassland

Shrub-
grass
land

Upstream
slope
gradient

)

w

VO O W V0 O WY O

Total number
of mass
movement
occurrences

23
21
33
17
14
18
28
45

Mass movement type

Collapse
Gully headwall Gully sidewall
collapse collapse
GHSC GHOC GSSC GSOC
0 0 11 5
0 0 8 5
0 0 17 10
8 2
4 3 2
8 3 2

11 3 8
10 15 7 10

Slide

| © © B B, W

o O o

Mudflow

| W W N W

w = O

Topple

] © O W » ¥

o O O

Proportion of

collapses to the
total number of
mass movement
occurrences (%)

70
62
82
82
79
100
96
93

Note: GHSC, GHOC, GSSC, and GSOC represent gully headwall scour hole collapse, gully headwall overhanging mass collapse, gully sidewall scour hole
collapse, and gully sidewall overhanging mass collapse, respectively. —, The data on grassland under an upstream slope gradient of 9° were not obtained.
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FIGURE 5 Collapse types including (a) gully headwall scour hole collapse, (b) gully headwall overhanging mass collapse, (c) gully sidewall scour
hole collapse, and (d) gully sidewall overhanging mass collapse [Colour figure can be viewed at wileyonlinelibrary.com]

GHOC implied that collapse played a crucial role in linear GHR for
grassland and shrub-grass land. Additionally, more GHOCs occurred
on shrub-grass land than on grassland (Table 4).

3.3 | Linear GHR characteristics

3.31 | GHRIlength

The GL on bare land increased due to upstream runoff incision,
while the GL on grassland and shrub-grass land increased due to
gully headwall overhanging mass collapse. The GL on bare land
increased exponentially as the retreat rate decreased over time
(Figure 6a). However, the GL on grassland and shrub-grass land dis-
cretely increased as analogous step functions, of which the number
of discrete increases in the GL on shrub-grass land was higher than
that on grassland (Figure éb,c). The decreased retreat rate over time
on bare land was related to the decrease in upstream runoff energy
over time (Figure S3). Bare land had the maximum total GL
(177.8-369.6 cm), followed by that of shrub-grass land and grass-
land (Table 5). The average linear GHR rates on grassland and
shrub-grass land were 87-89% and 72-81% lower than that
(0.99-2.06 cm min™%) on bare land, respectively. (Table 5). Addi-

tionally, the average linear GHR rate on shrub-grass land was

1.08-1.29-times greater than that on grassland under upstream
slope gradients of 3°-6°.

3.3.2 | Gully headwall retreat length and headwall
scour hole depth

The headwall scour hole formed only on grassland and shrub-grass
land (Figure 4b,c). The WL was driven by on-wall flow and jet flow
scour and increased as an exponential function over time. Shrub-grass
land showed a faster temporal change than grassland (Figure 7a-c),
with a lower runoff discharge (Table 3), indicating that the gully
headwall on shrub-grass land was more sensitive to water erosion.
The average retreat rates of the gully headwall on shrub-grass land
were 28 and 22% greater than those on grassland under the upstream
slope gradients of 3° and 6°, respectively (Table 5). The HD on grass-
land and shrub-grass land initially increased due to on-wall flow and
jet flow scour and then suddenly decreased due to gully headwall
overhanging mass collapse; afterward, it varied in a cyclic tendency of
slowly increasing and abruptly decreasing (Figure 7d-f). Additionally,
the number of abrupt decreases in the HD on shrub-grass land was
higher than that on grassland. The maximum HD on grassland was
greater than that on shrub-grass land (Table 5), indicating that the

headwall overhanging mass collapsed on grassland with a deeper


http://wileyonlinelibrary.com

7% | WILEY

400

KANG ET AL.

The upstream slope gradient (°)—ll—3—@— 6—&—9
—— y=467.8[ 1-exp(-0.0029x) ], R*=0.968

350 1

300

250

200

150 4

100

Gully head retreat length (cm)

50 4

| (a) Bare land

T
0 45

90

T
135

Time duration (min)

T
180

30

y=247.1[ 1-exp(-0.0138x) ], R*=0.969—— y=845.1[ 1-exp(-0.0034x) ], R*=0.971

254

20

15 1

10

(b) Grassland

T
0 45 90 135

Time duration (min)

180

80

70 4

60

504

40 4

30 1

20 1

10 4

| (¢) Shrub-grass land

0 45

T T
90 135 180

Time duration (min)

FIGURE 6 Temporal variation in the gully head retreat length (GL) under different upstream slope gradients [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 5

Land
use/cover

type

Bare land

Grassland

Shrub-
grass
land

Characteristics of gully head retreat length, gully headwall retreat length, and headwall scour hole depth

Upstream
slope
gradient (°)

O O WV O WY O W

Headwall

Gully head Gully headwall scour hole
Total Total
retreat Average linear Amplitude of variation retreat Average linear Maximum of
length retreat rate compared with bare length retreat rate headwall scour hole
(cm) (cm min~?) land (%) (cm) (cm min~?) depth (cm)
177.8 0.99
219.3 1.22
369.6 2.06

23.5 0.13 -87 64.9 0.36 51.9

244 0.14 -89 59.2 0.33 40.5

49.0 0.27 -72 83.2 0.46 445

58.2 0.32 -73 72.0 0.40 34.1

70.3 0.39 -81 82.7 0.46 22.8

Note: The data on grassland under an upstream slope gradient of 9° were not obtained. —, There were no data for the gully headwall retreat and headwall
scour hole depth on bare land.
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scour hole. This result further supports the conclusion that the
headwall overhanging mass was more sensitive to collapse on shrub-
grass land than it was on grassland.

4 | DISCUSSION
41 | Effects of land use/cover on hydraulic
erosion processes

Our results showed that in the hydraulic erosion processes, upstream
runoff incision was dominant on bare land, while undercutting by on-
wall and jet flow dominated on grassland and shrub-grass land. Similar
results on bare land and grassland were reported by Guo et al. (2019)
for the Loess Plateau. However, the result on bare land in our study
differed with the findings of previous studies undertaken in other
places on bare soils (Chen et al., 2013; Robinson & Hanson, 1996).
Consistent with Guo et al. (2019), upstream runoff incision, jet flow

and on-wall flow scour were observed to be the main hydraulic ero-
sion processes in a gully head system subjected to rainfall and concen-
trated flow. These hydraulic erosion processes contributed in various
degrees to GHR (Vanmaercke et al., 2016), which depended on the
interaction of hydraulic stress and topsoil erodibility on the upstream
slope, gully headwall, and gully bed (Collison, 2001; Moore, 1997,
Stein & Julien, 1993; Temple & Moore, 1997). On bare land in our
study and Guo et al. (2019), the loessal topsoil on the upstream slope
was prone to concentrated flow (Knapen, Poesen, Govers, Gyssels, &
Nachtergaele, 2007); as a result, the upper headwall was eroded away
through the upstream runoff incision. However, in Robinson & Han-
son (1996), the bare upstream slope had a no- or little-erosion soil sur-
face and an erodible sublayer. Likewise, the gully head in Chen
et al. (2013) had a top layer of dry red soil, which was resistant to con-
centrated flow erosion (Knapen et al., 2007), and a bottom sandy
layer, which was relatively erodible. Therefore, the upstream runoff
incision was restricted in their studies, and undercutting of on-wall

flow and jet flow scour dominated hydraulic erosion. On grassland
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and shrub-grass land in our study, the upstream runoff could not
incise the upstream slope because of the lower runoff discharge,
velocity, and energy (Table 3) and increased soil resistance resulting
from the existence of a dense root system, which enhanced the shear
strength of the surface soil layer (Vannoppen, Vanmaercke, Baets, &
Poesen, 2015). Furthermore, on-wall flow and jet flow eroded the
lower part of the gully headwall and the gully bed, where sparse or no
roots were distributed, to form a scour hole and a plunge pool (Guo
et al., 2019).

42 | Effects of land use/cover on mass movement
processes

In our study, collapses were dominant in mass movements, which is
similar to the result found on steep loess slopes in Xu, Liu,
et al. (2015). On bare land, collapse played a very limited role in linear
GHR but was critical to gully widening; however, on grassland or
shrub-grass land, collapse played a crucial role in linear GHR. The
results are consistent with the findings of Guo et al. (2019). Addition-
ally, similar to the conclusions proposed by several previous studies
(Bradford et al., 1978; Dong et al, 2019; Guo et al, 2019;
Istanbulluoglu, Bras, Flores-Cervantes, & Tucker, 2005; Robinson &
Hanson, 1996), collapse of gully walls can suddenly increase GHR
rates and contribute to the headward growth and widening of many
gully systems. The role of collapse on linear GHR under different land
use/cover was closely correlated to the topography of the gully head
resulting from the main hydraulic erosion processes. In our present
study, on bare land, upstream runoff incised the upstream slope to
form a new sidewall and channel bed (Oostwoud Wijdenes &
Bryan, 2001), and subsequent toe scour freed the hanging soil mate-
rial on the sidewall (Figure 4a), which accelerated sidewall collapse.
Therefore, collapse on bare land mainly widened the gully. However,
on grassland and shrub-grass land, on-wall flow and jet flow undercut
the gully headwall and freed the hanging soil material on the headwall,
which accelerated headwall collapse under those types of land
use/cover. Additionally, gully heads on grassland or shrub-grass land
retreated much slower than those on bare land, resulting in the slower
development of gully sidewalls (Figure 4); as a result, fewer sidewall
collapses occurred. Therefore, collapse on grassland and shrub-grass
land played a crucial role in the linear GHR.

In our experiment, more gully headwall overhanging collapses
occurred on shrub-grass land than on grassland, and the headwall
overhanging mass collapsed on grassland with a deeper scour hole
than that on shrub-grass land. Similar to the observations by Robin-
son & Hanson (1996), the headwall overhanging mass collapsed when
the headwall scour hole reached a critical shape resulting from a
period of hydraulic erosion, in which the block weight exceeded the
strength of the root-soil composition (Rengers & Tucker, 2014).
Supported by Baets et al. (2008), the results in our study indicated
that grassland had a higher strength and bank stability of the root-soil
composition than did shrub-grass land. The effect of plant roots on

gully bank stability is itself a 'double-edged sword' (Simon &

Collison, 2002; Yu, Zhang, Zhang, & Pei, 2012). On-the-one-hand,
plants strengthen the soil strength through root reinforcement to sta-
bilize slopes. On-the-other-hand, the root system can improve soil
permeability to accelerate infiltration, resulting in the destabilization
of gully banks. Overall, the gully stabilization effect of vegetation var-
ies over a wide range, varying with the plant species, management
practices (Bastola, Dialynas, Bras, Noto, & Istanbulluoglu, 2018) and
some other conditions such as moisture and tension crack
(Pollen, 2007; Zegeye, Mekuria, &
Tilahun, 2020). The results in our study may be attributed to the fol-
lowing causes. First, there was higher soil moisture in shrub-grass land

Langendoen, Steenhuis,

during the test resulting from a higher infiltration rate (Table 2), which
led to weaker soil strength than that on grassland. Second, the higher
biomass density of the fine roots (<2 mm in diameter) and fibrous root
system on grassland dominated by crested wheatgrass (Table 2) pro-
vided greater additional cohesion and enhanced gully bank stability
(Zegeye et al., 2018). However, wild jujube and alfalfa on shrub-grass
land have tap root systems, which provide lower additional cohesion.
Finally, the root wedging of the large roots (>2 mm in diameter) and
the distribution of many ant holes on shrub-grass land (Figure S4)
increased the concentrated flow deeper into the gully head to
increase the pore water pressure and weakened the soil strength
(Simon & Collison, 2002).

43 | Effects of land use/cover on the linear
GHR rate

The average linear GHR rate on grassland and shrub-grass land
decreased by 87-89% and 72-81%, respectively, compared to that
on bare land, implying that grasses and/or shrubs could strongly help
control GHR. This result is in accordance with the findings of several
previous studies (Fan et al., 2004; Guo et al., 2019; Li, Zhang, et al.,
2015; Wang et al., 2008). Land use/cover with vegetation can reduce
runoff discharge and greatly decrease runoff energy on upstream
slopes of a gully head (Table 3). Additionally, soil covered by vegeta-
tion had much lower disintegration rates and much higher contents of
water-stable aggregates (Table 2), which increased soil resistance to
water erosion. Due to the above cases, upstream runoff incision was
well controlled on vegetation-covered soils. However, only vegetation
covering the upstream slope was insufficient to protect a gully head
from retreating (Zegeye et al., 2020). According to our results, toe
protection, such as planting and stone barrier on the toe of gully bank,
should be applied to control undercutting from on-wall flow and jet
flow scour (Zegeye et al., 2020).

The average linear GHR rate on shrub-grass land was much
greater than that on grassland in our study, which resulted from the
gully headwall on shrub-grass land being more sensitive to water ero-
sion and the headwall overhanging mass being more sensitive to col-
lapse than those on grassland. A similar conclusion was proposed in
the same study area by Guo, Wang, Kang, and Yang (2018), who
found that grassland dominated by Cleistogenes caespitosa Keng and

Artemisia sacrorum Ledeb. showed lower soil erodibility of gully heads
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than did shrubland and woodland. However, our finding is in contrast
to the result reported in the Yanmou basin of southwestern China by
Fan et al. (2004), who concluded that shrub-grass land had a lower
GHR rate than grassland. This difference might be due to the different
plant species on shrub-grass land and soil textures. The dominant
plant on shrub-grass land was alfalfa in our study, which has a tap root
system, collocating with the shrub wild jujube, which has a weaker
controlling effect on linear GHR. Evidently, most studies have con-
cluded that fibrous root systems have a more significant resistance to
rill and gully erosion (Burylo, Rey, Mathys, & Dutoit, 2012; Li, Yu,
et al., 2015; Vannoppen et al., 2015; Zegeye et al., 2018). Overall, land
use/cover with different plant cover could have a very different effec-
tive control on GHR (Fan et al., 2004), and grass with fibrous root sys-
tems, such as crested wheatgrass, might be a better choice.
Furthermore, according to the results from Fan et al. (2004) and vege-
tation configurations for controlling soil erosion in the Loess Plateau,
grasses with fibrous root systems collocating with shrubs with deep
root systems might be an optimal choice for controlling GHR.

5 | CONCLUSIONS

Land use/cover change not only plays a dominant role in the initiation
of gullies but also affects GHR rates. However, little research has
focused on how land use/cover affects GHR rates. This study sought
to investigate the effects of land use/cover on hydraulic erosion pro-
cesses, mass movement and linear GHR processes to reveal how land
use/cover influences the linear GHR rate under an in situ rainfall and
upslope runoff simulation experiment. Gully heads on bare land and
grassland/shrub-grass land retreated in different ways because the
main hydraulic process and mass movement type during GHR varied.
On bare land, upstream runoff incisions were dominant processes in
GHR, and gully sidewall collapse was dominant in the mass move-
ments that widened the gully, whereas undercutting by on-wall and
jet flow and subsequent gully headwall collapse dominantly led to
GHR on grassland and shrub-grass land. Vegetation controlled the lin-
ear GHR well. However, land use/cover with different plant cover
could have a very different control effectiveness on GHR. The gully
headwall was more sensitive to water erosion and gully headwall
overhanging mass collapse on shrub-grass land than on grassland,
which explains why the gully head retreated faster on shrub-grass
land than on grassland from hydraulic and gravitational aspects. Fur-
thermore, plants with fibrous root systems have a better controlling
effectiveness on GHR than plants with tap root systems. The optimal
vegetation restoration pattern for GHR control should be further
studied.
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