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As a largeweathered granite soil region in theworld, southern China is experiencing severe sheet and rill erosion
and gully erosion due to its special geological conditions, inappropriate land use, and high intensity precipitation.
However, few studies have been conducted on the long-term dynamics of these two types of soil erosion and the
sediment contribution of gully erosion in southern China. To assess this, estimates of soil erosion changes and the
contribution ratio of gully erosion to sediment yield in a small catchment in southern China from 1989 to 2015
are quantified. A topographic map and three high-resolution satellite images were interpreted for land use
changes to calculate soil erosion modulus of sheet and rill erosion by the Chinese soil loss equation (CSLE) and
to estimate the amount of gully erosion by gully volume based on a generalized inverted triangular pyramid
model multiplying bulk density. Results indicated that soil erosion modulus started as high as 10,442 t km−2

in 1989, followed by an initial decrease of 54% before increasing slightly. The total gully volume decreased by
37% overall, as did the cumulative amount of gully erosion. Between 2005 and 2010 positive total soil loss was
calculated and the sediment contribution ratio of gully erosion was estimated to be 52.27%. It can be concluded
that the combination of remote sensing images, the CSLE, and a new generalized gully model can effectively be
used to quantify soil loss from sheet and rill erosion as well as gully erosion. This study provides a new insight
to estimate gully erosion and the dynamic evolution of soil loss. Further studies should be performed in combi-
nation with field methods to validate this approach.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Soil erosion is one of the most typical forms of land degradation
worldwide, especially in areas with unfavorable environmental condi-
tions such as special geology and heavy rainfall and areas with inappro-
priate land management practices (Borrelli et al., 2017; Deng et al.,
2020; Zhang et al., 2020). These conditions are prominent in theweath-
ered granite soil region of southern China where sheet and rill erosion
and gully erosion exist simultaneously as two important types of soil
erosion (Liang et al., 2009; Liao et al., 2018), and the sediment yield is
high (Lin et al., 2015).

Soil erosion models have been effectively used to assess soil loss
caused by sheet and rill erosion for individual land-use types and to de-
velop soil andwater conservationmeasures (Liu et al., 2002). Many em-
pirical equations have been proposed and play an important role in
Research Institute, Changjiang
010, People's Republic of China.
predicting soil loss, which have the advantages of easy access to data,
simple application, and GIS compatibility (Shi et al., 2004; Wu et al.,
2019). Currently, the Universal Soil Loss Equation (USLE) (Wischmeier
and Smith, 1978) and its improved version, the Revised Universal Soil
Loss Equation (RUSLE) (Renard et al., 1997) are the most widely used
empirical models. Taking into account three categories of systematic
practices for soil andwater conservation, Liu et al. (2002) introduced bi-
ological-control, engineering-control, and tillage practices (B, E and T,
respectively) created during the development of Chinese agriculture
traditions to replace the cover and management (C) and support prac-
tice (P) factors in theUSLE and developed the Chinese Soil Loss Equation
(CSLE). The CSLE has been used to quantitatively evaluate soil loss due
to sheet and rill erosion in southern China (Chen et al., 2017; Duan et
al., 2020; Li et al., 2020), but few studies have reported on its relation-
ship with gully erosion.

Gully erosion is characterized by large amounts of sudden and in-
tense erosion (Valentin et al., 2005; Liang et al., 2009). Studies have
shown that gully erosion is the main threat to the security of ecology,
food, flood control and human settlements in hilly areas, and has seri-
ously restricted the sustainable development of local environments
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and economies (Poesen et al., 2003; Liu et al., 2012). Ranked as one of
the four most serious types of erosion ditches in China (Liu, 2018),
gully erosion has become the most widespread, most vigorous, and
most severe type of erosion in southern China based on field investiga-
tions and literature reports (Niu et al., 2000). Therefore, the study of
gully erosion and its contribution to the sediment yield are of great sig-
nificance to regional land management.

Gully volume reflects the amount of material removed from gully
erosion (Woodward, 1999), which can be calculated by the differential
thought method of multiplying the sum of gully cross-sections with
lengths (Casalí et al., 2006). It is an ingenious choice to generalize the
shape of the gully, which has the advantage of quick measurement
(Casalí et al., 2006). Common generalizations are V-shaped, trapezoi-
dal-shaped, and rectangular-shaped (Di Stefano et al., 2013; Luffman
et al., 2015), with V-shaped gullies being dominant in the early stage
of development, while trapezoidal-shaped cross-sections are predomi-
nant in permanent gullies (Ben Slimane et al., 2018). Based on the statis-
tics of the field investigation data for catchments in southern China, the
shape of the gullies should be generalized as an inverted triangular pyr-
amid (Liu et al., 2015), and the inverted teardrop shape was a valid de-
scription of the gullies (Liu, 2018). However, little literature is available
on measuring the gully erosion by the volume of generalized gully in
southern China.

Research has shown that under many circumstances gully erosion is
the main source of sediment at the catchment scale (Valentin et al.,
2005; Vanmaercke et al., 2011). In Europe, contribution ratios of gully
erosion to sediment yield were reported as 60.2% and 68.1% by Quine
et al. (1994) and Martínez-Casasnovas et al. (2003), respectively, over
several decadeswith a sharp increase to 90%during an exceptional rain-
fall event (Gaspar et al., 2019). In North Africa it was found that gully
erosion contribution to total sediment ranges from 20% to 80% (Ben
Slimane et al., 2016) but other studies have suggested that contributions
of gully erosion account for less than 30% (Haregeweyn et al., 2017;
Inoubli et al., 2017; Ben Slimane et al., 2018).

The sediment contribution of gully erosion has also been researched
in China, with the loess region of north-western China contribution ra-
tios of sediment production by gully erosion of 70% and 92.8%, respec-
tively (Yang et al., 2006; Zhao et al., 2015), while an intermediate
value of around 80% was reported in the hot, dry valley region of the
Fig. 1. (a) Location and landscape of the Zuoma catchment (Quickbird image fromApr. 2015), (b
the bottom of the gully (taken in Oct. 2018).
Jinsha River (Zhang et al., 2017). These results indicate that the contri-
bution of gully erosion to the total sediment yield cannot be ignored. Al-
though research has been done on the contribution of gully erosion to
the total soil erosion in many regions, little information is available in
the weathered granite soil region of southern China, especially over
long periods of time.

The specific objectives of this study are 1) to analyse the temporal
and spatial changes in the annual average soil loss during the last 30
years using the CSLE, 2) to build a generalized model to calculate the
gully volume (GV) using linear and areal gully parameters and to fur-
ther assess the amount of gully erosion (AGE), and 3) to quantitatively
estimate the sediment contribution of gully erosion to the total soil ero-
sion in a small catchment of southern China. This study yields a long-
term understanding of soil loss dynamics using remote sensing images,
while the CSLE and generalized gully model provide feasible methods
for quantifying soil erosion in the granitic region of southern China.
2. Material and methods

2.1. Study area

The study area is the Zuoma catchment, with an area of 0.73 km2 lo-
cated in Yudu County, Ganzhou district, Jiangxi Province, southern
China (25.908°–25.920° N, 115.396°–115.406° E) (Fig. 1a). The Zuoma
catchment belongs to the upper reaches of a tributary of the Ganjiang
River, which is characterized by hilly topography and slope gradients
ranging from 0° to 25°. It has a typical warm and humid subtropical
monsoon climate with a mean annual precipitation of 1508 mm and
an average annual temperature of 19.7 °C. The temporal distribution
of precipitation in this region is uneven, with the majority of rainfall
concentrated fromApril to June, which results in important soil erosion.
Themain soil type in the area is Orthic Acrisol, with a soil depth of about
1.0 m according to the Soil Survey Staff (Gong et al., 2002). The parent
material is a weathering regolith of granite up to 20–60 m deep. The
pH of the soil is between five and six. There is a river that originates
from a pond in a paddy field and drains the catchment until its outlet.
For more figures with field views of gullies and rill erosion, please see
Liu et al. (2019).
) digital elevationmodel showing distribution of gullies and (c) sedimentation evidence at
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Since 1989, the Zuoma catchment has been classified as one of the
Liupi Project Areas of the Key Soil and Water Loss Control Project in
China (Wang et al., 2012). Thus, a series of soil and water conservation
measures have been performed to improve the ecological conditions in
the catchment.

2.2. Data processing

The work procedures consisted of data collection in the field and
data analysis in the laboratory (Fig. 2). Four maps were collected for
the research: a topographicmap at 1:10,000 scale and a contour interval
of 5 m made in July 1989 and three high-resolution QuickBird satellite
images taken in April 2005, June 2010, and April 2015. Daily precipita-
tion data were provided by the Yudu meteorological station. The DEM
was derived from the Zuoma topographic map used in this study (Fig.
1b). The grid size of the DEMwas set as 1m. By combining the interpre-
tation of the remote sensing images and the field survey, the distribu-
tion of the gullies during the last 30 years was delineated (Fig. 1b) and
the gully boundary lines were extracted with the aim of displaying the
development of gully parameters. Land-use status was obtained by
interpreting the remote sensing images of the catchment and the area
percentage of each land-use type during the study period was equal to
the ratio of the area of a single type to the area of the catchment.

2.2.1. Calculation of soil loss due to sheet and rill erosion
To predict soil erosion this study uses a mathematical model-based

method, the CSLEmodel. In the CSLE, the soil loss is expressed as follows
(Liu et al., 2002):

A ¼ R� K � LS� B� E � T ð1Þ

where A is the average annual soil loss (t ha−1); R is the rainfall erosivity
factor (MJ mm h−1 ha−1); K is the soil erodibility factor (t ha h ha−1

MJ−1 mm−1); LS is the slope length and slope steepness factor, which
is collectively known as the topographic factor (dimensionless); B is
Fig. 2. Flow chart of data col
the biological-control factor; E is the engineering-control factor; and T
is the tillage practices factor. B, E, and T, which are dimensionless, have
a value range of 0–1 (Zhang and Liu, 2003). The smaller their values, the
better the soil conservation benefit of a particularmeasure. The calcula-
tion methods of each factor are as follows.

(1) Rainfall erosivity factor (R)
Rainfall erosivity reflects the potential capacity of soil erosion
caused by rainfall (Zhang et al., 2002). In this study, daily rainfall
data from 1989 to 2015 were used to calculate the R factor (Fig.
3a) using Eq. (2), which was developed by Zhang et al. (2002):

M ¼ α
Xk

j¼1

P j
� �β ð2Þ

whereM is the rainfall erosivity value of a half-month period (MJ
mmh−1 ha−1); k is the number of days in a half-month period; Pj
is the erosive daily rainfall amount on the j-th day of the half-
month period (mm), and α and β, calculated using Eqs. (3) and
(4), respectively, are the undetermined parameters of themodel:

α ¼ 21:586β−7:1891 ð3Þ

β ¼ 0:8363þ 18:177
Pd12

þ 24:455
Py12

ð4Þ

where Pd12 represents the average daily rainfall (mm) for a daily rainfall
above 12 mm and Py12 represents the average annual rainfall (mm) for
an annual rainfall above 12 mm.

(2) Soil erodibility factor (K)
Soil erodibility is an index used to evaluate the sensitivity of soil
to erosion (Zhang et al., 2007). Based on the China Soil Database
(http://vdb3.soil.csdb.cn/) and the parent material combined
with land use, the soil types in the catchment were determined,
which includes black-red sandy mud, thick red sandy mud, and
lection and processing.

http://vdb3.soil.csdb.cn/


Fig. 3. (a) Annual rainfall erosivity from 1989 to 2015, (b) soil erodibility factor (K), and (c) topographic factor (LS) calculations for the Zuoma catchment.

Table 1
Biological-control factor (B) values of land-use types and forest coverage in the Zuoma
catchment.

Land-use type B value

Cultivated land 1
Rural residential area 0.025
Streets 0.01
Water bodies 0
Uncovered independent industrial & mining land 1
Forest 0% coverage 0.10

20% coverage 0.08
40% coverage 0.06
60% coverage 0.02
80% coverage 0.004
100% coverage 0.001
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red sandy mud. The K values of these three soil types are
0.033576, 0.044592 and 0.03465, respectively (Fig. 3b).

(3) Topographic factor (LS)
The topographic factor (LS), including the slope length (L) and
the slope steepness (S), represents the ratio of soil loss under
given conditions to that under standard conditions (slope of 9%,
slope length of 22.13 m) (Wischmeier and Smith, 1978). The LS
values (Fig. 3c)were calculated using the AML programprovided
by Hickey (2000) within the ArcGIS workstation, which includes
the most suitable calculation method for gently rolling land-
scapes (Liu et al., 2011a). A horizontal resolution of 1 m was
used in this study as it was the best fit for the accuracy of the S
factor in Hickey's algorithm (Liu et al., 2009).

(4) Biological-control factor (B)
The biological-control factor (B) reflects the effect of biological
cover on soil erosion. The assignment of forest in reference to
the vegetation cover factor (C) value in the USLE follows the
method used by Wischmeier and Smith (1978) and Wang and
Jiao (1996). The soil conservation benefits of cultivated land are
reflected by the T factor and the B assignment of the remaining
land-use types refers toWang et al. (2018) (Table 1). Fig. 4a illus-
trates the obtained B maps for the Zuoma catchment.

(5) Engineering-control factor (E)
The engineering-control factor (E) reflects the effects of engi-
neering-control practices on soil loss. Engineering-control
practices refer to the construction of terraces, silt dams, and
other projects to change the topography in order to reduce runoff
and soil erosion (Liu et al., 2002). In the study area, the terraces
included earth dike terraces and stone dike terraces, with the E
values of 0.414 and 0.084, respectively (Ministry of Water
Resources of the People's Republic of China, 2018). And those of
areas without soil and water conservation engineeringmeasures
were assigned a value of 1 (Fig. 4b).



Fig. 4. (a) Biological-control factor (B), (b) engineering-control factor (E), and (c) tillage factor (T) calculations for the Zuoma catchment between 1989 and 2015.
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(6) Tillage factor (T)
Tillage practices aremeasures of water retention and soil erosion
prevention due to changing the micro-topography and increas-
ing surface coverage through farming. The tillage factor (T) rep-
resents the ratio of the soil loss of certain tillage measures to
the soil loss under the same conditions without tillage practices
(Guo et al., 2013). In the study area, the T-factor assignments of
the paddy field, which was part of the Two Lake Plain Hilly
Paddy Field, Mid Triple-cropping, and Double-cropping Areas,
and the dry land, whichwas part of the Nanling Hilly Mountains'
Paddy Field, the Dry Land Double-cropping, and the Triple-
cropping Areas, were 0.312 and 0.338, respectively (Ministry of
Water Resources of the People's Republic of China, 2018). Other
areas were assigned a value of 1 (Fig. 4c).

(7) Calculation of soil loss due to sheet and rill erosion
The vector layers of the K, B, E, and T factors mentioned above
were converted into raster layers with a resolution of 1 m. By
multiplying the R value and the raster layers of the LS factors,
the soil erosion modulus at each grid point was determined for
the period from 1989 and 2015. Then, the amount of sheet and
rill erosion (ASR) in the catchmentwas calculated bymultiplying
the soil erosionmodulus of each grid point with the grid size and
accumulating the values. Average annual ASR (AASR) was equal
to the ASR divided by a year, and the total soil erosion modulus
for the entire study area was equal to the ASR divided by the
area of catchment.

(8) Classification of the soil erosion intensity
According to the Standards for Classification and Gradation of
Soil Erosion (SL190-2007) (Ministry of Water Resources of the
People's Republic of China, 2008), the soil erosion modulus was
classified into soil erosion intensities (Table 3), and the area
and proportion of different soil erosion intensities were calcu-
lated. The calculations and analyses were implemented using
ArcGIS 9.3, Origin 9.0, and Excel.

2.2.2. Calculating soil loss due to gully erosion
(1) Gully volume: An inverted triangular pyramid generalized

model was established for calculating the volume of a gully (Fig. 5).
The gully formed an erosional depression relative to the slope's surface.
The plane of the original uneroded slope is the plane of the bottom of
the triangular pyramid, and the slopes formed by erosion (i.e. the
gully walls) are the sides of the pyramid. The vertical projection length
Lm, which is the shortest horizontal distance from the gully head to the
gully bottom, was measured using a distance measuring tool, and the
area amwas the result of the remote sensing interpretation. Accordingly,
the length L of the gully along the original slope and the area a of the
generalized triangular pyramid's bottom were calculated based on the
relationship between the angle of the triangle and the side length of
the area. The elevation data of the gully head and the gully bottom
were extracted from the topographic map, with the difference being
the gully's depth Dm. The slope of the bottom of the pyramid was ob-
tained using the arctangent function and was represented by the letter
α. The slope of the upper part of the ridge is larger (between 65° and
70°) with the slope of the lower edge of the wall being between 20°
and 30° within the Zuoma catchment. The two slopes form the two



Fig. 5. Inverted triangular pyramid generalized gully model. (a) Illustrative diagram. (b) Front view.
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sides of the triangular side view of the gully. In this study, the proper
values of 67.5° and 20°were taken as the calculated values, respectively,
and they were represented by the letters u and d, respectively. The con-
vergence point of the two sides to the bottom edge was defined as the
height h. The GV in each height interval was calculated based on the
principle of similar triangles. The GV calculation formula of the general-
ized triangular pyramid is

V ¼ 1
3
� a� h ð5Þ

where V is the volumeof the generalized gully (m3), a is the basal area of
the generalized gully (m2), and h is the height of the generalized trian-
gular pyramid of the gully (m).

(2) Soil loss due to gully erosion: Three in situ soil samples were col-
lected from each inner layer of the gully using a ring knife and the soil
bulk density was determined using the gravimetric method. Except for
the height of gully 8, which was the largest at 21.54 m in 1989 and
the height of gully 3, which was between 16.30 m and 17.16 m from
2005 to 2015, the heights of all other gullies were less than 16m. There-
fore, the soil bulk density at depths of 0–16mwas determined from the
field survey data and depths of greater than 16mwas assumed to be the
same as that of the layer above (Table 2). The AGE was equal to the GV
times the soil bulk density of the corresponding depth. The average an-
nual AGE (AAGE) in 2005, 2010, and 2015 was calculated by dividing
the inter annual difference by the number of years. The AAGE in 1989
was not be calculated because the initial development time of the
gullies in 1989 cannot be determined.

2.3. Calculating the sediment contribution ratio of sheet and rill erosion and
gully erosion

The sediment contribution ratio of sheet and rill erosion and gully ero-
sion is the ratio of the AASR and AAGE to the total sediment yield, where
the total sediment yield was estimated as the sum of AASR and AAGE.

3. Results

3.1. Land-use change during the last 30 years

The distribution map of land-use type is the premise for the B, E,
and T factor assignments in the CSLE. Understanding the evolution
Table 2
Soil depth and soil bulk density (n = 3).

Soil depth (m) 0–0.3 0.3–3.0 3.0–7.0 7.0–12.0 12.0–16.0 N16.0
Bulk density (g cm−3) 1.44 1.67 1.71 1.73 1.79 1.79
of the land-use status over time (Fig. 6) is helpful in explaining the
predicted soil loss. In 1989, sloping farmland was the main land-
use type and mainly distributed on the southern slopes, accounting
for 51.6% of the catchment area (Fig. 6b), while there were no or-
chards in the Zuoma catchment (Fig. 6a). Afterwards, the area of
sloping farmland decreased dramatically due to land conversions
into orchards, forests and building land, accounting for about 10%
of the study area by 2015. Thus, forests and orchards were the dom-
inant land-use types after 2005, accounting for more than 60% of the
study area. The forests were concentrated in the mountainous areas
in the northern part of the Zuoma catchment and scattered on some
slopes in the southern part. The orchards, a majority of which are
economic fruit forests, were mainly distributed on the southern
slopes of hills, with the percentage of the area fluctuating slightly be-
tween 23.3% and 25.1%. The paddy fields, ranging from 0.0980 km2 to
0.0890 km2, were mainly distributed in the low terrain areas of the
central catchment. The rural road, water, and unused land areas did
not exhibit obvious inter-annual changes.
3.2. Soil loss from sheet and rill erosion

The total soil erosion modulus was highest in 1989, which corre-
sponds to extremely intense erosion (Table 3). After 16 years, the soil
erosion modulus decreased sharply to a minimum value correspond-
ing to moderate erosion. Then, as sheet and rill erosion intensified,
the erosion moduli for 2010 and 2015 increased by 6.2% and 48.6%,
respectively, compared with 2005, and it reached intense erosion
levels. Specifically, the classification of the soil erosion modulus in
the catchment is shown in Fig. 7. The area of micro-erosion was the
largest, especially after 2005, reaching more than 50% of the catch-
ment area (Fig. 7b), but the erosion amount of micro-erosion made
the least contribution to the total ASR (Fig. 7c). The ASR correspond-
ing to each soil erosion intensity increased significantly from micro-
erosion to severe erosion. Severe erosion was the main contributor
to the ASR of the Zuoma catchment for all study years, especially in
1989. Moreover, in terms of the proportion of the total area, severe
erosion was only 2.5% smaller than micro-erosion and was widely
distributed in the hillside outside the upstream mountainous area,
while the latter was mainly located in the upstream mountainous
area (Fig. 7a). In addition, the sediment contribution of each erosion
intensity varied with time. Compared with 2010 and 2015, the con-
tributions of the amount of the minimum and maximum erosion in-
tensity in 2005 were lower (Fig. 7c). The amount with erosion
modulus greater than 8000 t km−2 in 2015 was 51.8% higher than
these in 2010 (Fig. 7c).



Fig. 6. Land-use changes in the Zuoma catchment from 1989 to 2015. (a) Distribution of land-use types. (b) Cumulative percentage of each land-use type.
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3.3. Evolution of gully area and volume

The total area of all gullies developed in the catchment had a ten-
dency to fluctuate and decrease over the last 30 years (Fig. 8a). Com-
bined with Fig. 7a, 10 gullies developed in 1989, concentrated in the
eastern portion, where the hilly area was wider and land cover was
more sparse than that in thewestern side (Figs. 1b and 4a). Then, gullies
8, 9, 10, and 11 disappeared while gully 6 formed and gully 5 signifi-
cantly developed, however the total gully area decreased by 20.1% in
2005. As time progressed, the area that the gullies covered increased
from 2005 to 2010, but decreased to a minimum value in 2015. Addi-
tionally, the depths of most of the gullies decreased, especially the
depth of gully 2, which reduced by 70% (Fig. 8b). Although gully 3 expe-
rienced minor fluctuations, it not only had the largest area, but also the
maximum depth and the highest amount of gully erosion (Fig. 8c). For
further details on the factors controlling thedistribution of gullies across
the Zuoma catchment the reader is directed to the work by Liu et al.
(2019).

The total GV fell and rose, which was similar to the trend exhibited
by the total gully area, but ultimately decreased by around 37% overall,
as did the cumulative AGE. The total GV decreased by 30.9% from the
maximum value in 1989 and 2005, after which, it exhibited a slight in-
crease from 2005 to 2010 followed by another decrease from 2010 to
2015, ultimately decreasing by 37.0% of the maximum value in 1989
(Table 4). Gullies distributed in the same slope aspect had similar
Table 3
Soil erosion intensity classification and total sheet and rill erosion modulus of the Zuoma
Catchment.

Year Soil erosion modulus (t km−2)

0–500
(micro)

500–2500
(mild)

2500–5000
(moderate)

5000–8000
(intense)

8000–15,000
(extremely
intense)

N15,000
(severe)

1989 10,442
2005 4801
2010 5097
2015 7136
evolutionary trend although they are positioned on different hills. For
example, gully 1 on the southern slope increased, along with gullies 4
and 5, while gully 2 on the northern slope was in the process of
disappearing, along with gullies 10 and 11. Moreover, from 1989 to
2005 and from 2010 to 2015, the increase in the amount of sedimenta-
tion was greater than that of erosion in the gullies, that is, |−78,555| t N
17,893 t and |−32,062| t N 0 t, respectively (Fig. 8c), which means that
the gullies were dominated by sedimentation below the slope and the
AAGEs were negative in these two stages (Table 4). From 2005 to
2010, the AAGE increased by 7842 t year−1, of which five gullies (1–5)
experienced erosion and two gullies (6 and 7) experienced deposition.

3.4. Sediment contribution from gully erosion in the Zuoma catchment

Absolute values of the ratio of the AAGE change to the AASR change
from 2005 to 2015 were far greater than 1 (Table 4), which indicates
that the gully erosion has high instability. In addition, there was sedi-
mentation in the gullies from 1989 to 2005 and from 2010 to 2015,
while a positive AGE was calculated between 2005 and 2010 (Table
4). Thus, the sediment contribution ratio of gully erosion to total erosion
was amounted to 52.3% from2005 to 2010, indicating that the gully ero-
sion was more severe than sheet and rill erosion.

4. Discussion

4.1. Suitability of calculating soil loss from sheet and rill erosion using
the CSLE

This research attempted to estimate sheet and rill erosion and ad-
dress the connection between the development of different land-use
types and soil loss, which is necessary for soil and water conservation,
land-use management, and eco-environmental construction. In this
study, we assumed that the average annual soil loss from sheet and
rill erosion could be effectively calculated by the CSLE and could reflect
the relationship with land-use change. Compared with 1989, conver-
sions of sloping farmland concentrated in hilly areas into forest and var-
ious citrus orchards led to a sharp decrease in soil loss for the period



Fig. 7. (a) Distribution, (b) area and (c) amount of sheet and rill erosion for different erosionmoduli in the Zuoma catchment. Gullies that developed in the catchment are also included in
the maps.

Fig. 8. Changes in the (a) gully area, (b) gully depth, and (c) amount of gully erosion of each gully from 1989 to 2015.
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Table 4
Gully volume, amount of gully erosion (AGE), and relationships to the amount of sheet and rill erosion (ASR). The negative values represent that sedimentation is greater than erosion.

Year Gully volume
(m3)

Cumulative
AGE (t)

Average annual AGE
(t year−1)

Average annual AGE change/ASR
change

Average annual ASR + AGE
(t year−1)

Sediment contribution from
gully erosion (%)

1989 116,375 195,182 / / 7576 /
2005 80,437 134,520 −3791 / −308 /
2010 92,432 154,773 4051 36.58 7749 52.27
2015 73,374 122,711 −6412 −7.07 −1234 /
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from 2005 and 2015. In the early stages, to improve the ecological envi-
ronment, bring economic benefits, and further reduce sheet and rill ero-
sion, sloping farmland was transitioned to orchards and forests,
accounting for about one third of the study area. In general, forests
and orchards have higher vegetation coverage than sloping farmland,
and the corresponding B value is lower, which can effectively reduce
soil and water loss (Sun et al., 2014). Moreover, the local residents in
the Zuoma catchment changed the sloping farmland into terraces of
earth dikes before 1989. Then, with the support of the government,
earth dike terraces were further renovated as stone dike terraces be-
tween 1989 and 2005 to support large-scale orchards. Specific engi-
neering control methods were given specific factor values to
distinguish different types of soil erosion management, which was
more suitable for national circumstances and used in thefirst China cen-
sus of water (2010–2012). Since stone is more resistant than earth,
stone dike terraces have a lower E value than earth dike terraces, and
stone dike terraces are more effective than earth dike terraces in reduc-
ing the total surface runoff. In addition, tillage practices, namely
cropping systems, incorporate specific times for harvest that are depen-
dent on climate characteristics (Zhuet al., 2003). Tillage practices are re-
gionally distinct, leading to realistic representation of local soil erosion.
In this study, the changes to the T valuewere encapsulated in changes of
other factors, so the impact of tillage practices on soil losswere not fully
explored.

Mo et al. (2017)monitored gauging station data before and after the
implementation of the national key construction project of soil and
water conservation in the Zuoma catchment and found that the soil ero-
sion intensity was moderate in 2003, which is close to the results of this
study. After 2005, the soil loss increased, especially from 2010 to 2015.
Although it was not as high as that in 1989, this obvious trend is worthy
of attention. Specially, there was a large area of severe erosion (N15,000
t km−2) in the middle right area of the catchment in 2015 (Fig. 7a). Ac-
cording to the field survey, the mountains in this area had been exca-
vated, and thus, the vegetation and the soil covering the land surface
were disturbed, resulting in the decrease of B value and the subsequent
aggravation of sheet and rill erosion. However, the interpretation of the
remote sensing images and the assignment of B are affected by subjec-
tive judgments, which may lead to errors in calculations. If the relative
error can be controlled, which is easy to achieve, the continuous moni-
toring of landmanagement combinedwith the calculation of soil loss by
using remote sensing images and the CSLEmodel can provide a compre-
hensive understanding of the development of sheet and rill erosion.

4.2. Accuracy of the generalized gully volume

The GV and AGE calculated by the generalized triangular pyramid
model reflect the status of gully erosion. Most of the gullies in the
Zuoma catchment developed on hillsides, where the elevation changed
significantly and the soil collapsed downward due towater erosion. The
shapes of the gullies in this catchment are considered to be triangular
pyramids (Liu et al., 2015). Although there are various techniques
with specific characters surveying the GV, they have their own proper-
ties that are not suitable for this study. For instance, manual field inves-
tigations of the gullies provide detailed data, but often require more
financial resources, manpower, and time. Long-term dynamic monitor-
ing could not be easily carried out and is also subject to significant
subjective influence (Liu et al., 2015). A high accuracy laser scanner
was used tomeasure themorphology of the gully, however thismethod
was not appropriate for gullies with a thick vegetation cover (Deng et
al., 2016; Liu et al., 2019). In addition, the fingerprinting approach has
beenwidely applied in sedimentmonitoring at different spatiotemporal
scales (Wasson et al., 2002; Ben Slimane et al., 2013; Lin et al., 2015).
While it is limited by sample size, sampling environment, and transport
behaviour, caremust be taken to collect samples immediately following
events (Koiter et al., 2013; McCarney-Castle et al., 2017).

The results of this study were obtained using the generalized shape
method, which can draw support from field assessments, satellite im-
ages, andDEMs. Poesen et al. (1996) reported that the volume extracted
from aerial photographs was in good agreement with the data obtained
through field monitoring. The method is capable of obtaining the pro-
cess over a historical period, of broadening the geographical scope,
and of lengthening the spatiotemporal scale of the project since another
study of gullies in this area has shown that the gullies are still active (Liu
et al., 2019). Since some small gullies were not evaluated if the spatial
resolution was low (e.g. 5 m), very high spatial resolution images
(e.g., 0.61 m) used in this study are considered to be better for measur-
ing erosion (Tebebu et al., 2010; Taguas et al., 2012; Li et al., 2015), with
the advantages of convenient operation, less field survey burden, calcu-
lation of volume over mid- to long-term temporal scales, and improve-
ment of the accuracy of gully identification (Desprats et al., 2013; Ben
Slimane et al., 2018). Although the representative shape was selected
subjectively by the observer and may lead to errors (Casalí et al.,
2006; Liu et al., 2015), the generalized gully model may be a valuable
tool for improving the understanding of the characteristics of gully
evolution.

4.3. Contribution of gully erosion to the sediment yield

From 2005 to 2010, gully erosion was the predominant contributor
to the total sediment delivery for the weathered granite soil region in
southern China, while there was no dynamic evolution of the contribu-
tion ratio during the last 30 years. The Zuoma catchment is a typical rep-
resentation of land management policies containing the common land
use types in Jiangxi province (Zhang et al., 2011), with the gully area ac-
counting for 2.5%–3.4% of the total study area, close to the research re-
sults of Liu et al. (2020) at the regional scale in southern China.
Moreover, as described in Section 3.3, there were gullies in different de-
velopmental states (disappearing, forming, and developing). Although
the study area is small, it is representative and can be used as a case
study for all of southern China.

The erosion of a gully is accompanied by an increase in the area and/
or depth of the gully, while sedimentation in a gully is accompanied by a
decrease in the area and/or depth (Fig. 8). For active gullies, sedimenta-
tion below the slope and erosion on the slope occur simultaneously. The
increase and decrease in the cumulative AGE means that the gully is
dominated by erosion and sedimentation, respectively. From 1989 to
2005 and from 2010 to 2015, six gullies (2 and 7–11) and seven gullies
(1–7) experienced sedimentation, respectively, while five gullies (1 and
3–6) and zero gullies, respectively, experienced erosion over the same
time periods (Fig. 8c). Thus, the amount of sedimentation offset the
amount of erosion indicating that there was no net erosion in these
two periods. In addition, artificial construction promotes the deposition
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of sediment at the bottom of gullies, as revealed in a field survey con-
ducted on gully 3 with a check dam in October 2018. The bottom of
the gully has experienced deposition for several years (Fig. 1c),
confirming the quantitative results in this paper. What's more, the im-
plementation of protectivemeasures such as upper intercepting,middle
cutting, lower blocking, and internal and external greening (Liang et al.,
2009) has alleviated gully erosion after 2010, increasing the role of sed-
imentation. Our evaluation is in agreement with Taguas et al. (2012),
whodetermined that about half of the sediment sourceswere gully con-
tributions in Spain, and Zhang et al. (2017), who noted that gully ero-
sion was the main process causing soil loss and land degradation in
southwestern China. However, there is still a need for the verification
and calibration of field monitoring data that should be carried out for
more precise investigation of gullies, especially when remote sensing
images are used to measure gullies (Liu et al., 2011b). Therefore, future
studies of sediment contribution should combine remote sensing with
field monitoring to further investigate erosion. In addition, it is neces-
sary to further study the targeted prevention and control measures of
the sheet and rill erosion, which accounted for nearly half of the sedi-
ment yield contribution in this evaluation.

5. Conclusions

This study provides information on the soil loss dynamics during
the last 30 years and contributions of gully erosion to sediment yield
in a catchment of the weathered granite soil region in southern
China. The CSLE model was utilized to estimate the soil loss from
sheet and rill erosion, and addressed relationships between land-
use status interpreted from remote sensing images and soil erosion.
It was found that sloping farmland led to severe soil erosion, and
conversions of sloping farmland into forests and orchards with
higher vegetation coverage as well as engineering-control measures
decreased soil loss effectively, indicating that the CSLE was suitable
for predicting sheet and rill erosion. A new triangular pyramid gen-
eralized model was proposed and successfully used to identify the
evolution of gully erosion. Results indicated that GV and AGE de-
creased during the last 30 years, which was verified by the deposi-
tion on gully observed in the field, thus confirming the accuracy of
the proposed gully model calculation. The contribution ratio of
gully erosion to the total sediment yield was 52.27% from 2005 to
2010, which suggested that gully erosion was the predominant con-
tributor to total soil erosion for the catchment in the granitic region
of southern China. The present study highlights that the combination
of remote sensing, CSLE, and triangular pyramid generalized gully
model is effective for quantifying the spatiotemporal evolution of
soil erosion and relationships between sediment from different
sources. However, valuable new gully model calculations and the
use of remote sensing should be further confirmed in future research
with field validation.
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