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A B S T R A C T

The water level fluctuation region in China's Three Gorges Reservoir (TGR) represents a disturbance zone that
experiences cyclic exposure and inundation due to reservoir operations. This area has also been subjected to long
periods of flooding and wave-induced scouring. Thus, soil erosion in the disturbance zone has greatly intensified
since the reservoir was first filled in 2006. In this study, soil erosion rates along nine transects in the mainstream
disturbance zone (MDZ) and three transects in a tributary disturbance zone (TDZ) were continuously measured
between 2008 and 2016 using erosion pins. The results showed that the average erosion rate in the MDZ was
32mm yr−1, which was more than six times greater than that in the TDZ. Spatially, the soil erosion rates in the
MDZ displayed higher variability than those in the TDZ. The highest rate was found for the altitude range of
170–175m in the MDZ, and the rates in the altitude ranges decreased in the order of 145–150m, 160–165m,
and 165–170m. However, the spatial variation of soil erosion rates in the TDZ was less significant than that in
the MDZ. Furthermore, soil erosion rates in the MDZ displayed a small decreasing trend over the first six years
and a much greater decreasing trend in the following three years. In contrast, these rates decreased significantly
and continuously from 2008 to 2016 in the TDZ. The mean reduction rate of soil erosion in the MDZ was
statistically higher than that in the TDZ. The annual average value of soil erosion rate reduction from all
transects in the MDZ was 4.1 mm yr−1, whereas it was only 1.7 mm yr−1 in the TDZ. Changes in hydrological
regime, vegetation cover, and slope gradient were the main factors that governed the spatial and temporal
patterns of soil erosion in the disturbance zone of the TGR.

1. Introduction

A reservoir disturbance zone (RDZ) generally refers to all landforms
along river banks that fall between the peak and base water levels
produced by regular dam operation (Bao et al., 2015a). RDZs have also
been used to refer to shorelines, beaches, and banks in many studies as
they denote similar types of water level fluctuation areas around re-
servoirs and lakes throughout the world (e.g., Cyberski, 1973; Buckler
and Winters, 1983; Carter et al., 1986; Lawrence, 1994; Tommaselli
et al., 2014; de Moraes et al., 2016; Sadeghian et al., 2017). RDZs ty-
pically have sharp biological and physical gradients along bank slopes.
RDZs represent a hydrogeomorphological and biogeochemical ecotone
between aquatic and terrestrial ecosystems and have been well re-
cognized as a key area for maintaining ecosystem goods and services,
including bank stabilization, biodiversity conservation, runoff regula-
tion, pollutant interception, and amenity value (Naiman and Decamps,

1997; Lowrance et al., 2000; Anbumozhi et al., 2005; Mander et al.,
2005; Kenwick et al., 2009; Cheng et al., 2010; Yang et al., 2012; Bao
et al., 2015a).

However, RDZs are ecologically fragile due to issues caused by
frequent water level fluctuations (New and Xie, 2008; Chang et al.,
2011). One of these issues is related to the highly dynamic morpholo-
gical changes resulting from soil erosion and sediment deposition. Soil
erosion is an overall consequence of multiple complex processes, such
as crumbling, scouring, scattering, and slumping (Cyberski, 1973; Born
and Stephenson, 1973). Field monitoring and modeling have revealed
that soil erosion in the RDZ is complex and highly variable (Pincus,
1962; Gatto and Doe, 1987; Carter and Guy, 1988; Hubertz et al., 1991;
Saint-Laurent et al., 2001; Siqueira et al., 2015). Soil erosion rates may
be extremely high during the initial period of reservoir impoundment
when reservoir banks become unstable under changing fluvial hydro-
dynamics (Nilsson et al., 1997; Zhang, 2009; Vilmundardóttir et al.,
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2010; Kaczmarek et al., 2016). Soil erosion in the RDZ may cause a
series of social and environmental consequences, including (i) reduced
reservoir storage capacity caused by siltation (Hagan and Roberts,
1972; Seversona et al., 2009; Bao et al., 2010), (ii) generation of
complex sources of water pollution (Tang et al., 2014a & 2014b), (iii)
reduced habitats and biodiversity in the RDZ (New and Xie, 2008), and
(iv) fragmented landscapes and disturbed ecosystem integrity. To
date,> 50,000 reservoirs of various sizes have been constructed in the
Yangtze River basin, with many other dams proposed for construction
by 2020 (Li et al., 2013). Therefore, successful management of en-
vironmental problems related to reservoirs requires an understanding
of the dynamic changes in soil erosion in the RDZ (Wu et al., 2004; New
and Xie, 2008).

The Three Gorges Dam on the Upper Yangtze River is a typical
valley dammed reservoir, which is part of the world's largest hydro-
electric power plant and is categorized by an unprecedented RDZ.
Understanding the change in soil erosion in response to disturbances
caused by the changed hydrological regime in the disturbance zone
(DZ) of the Three Gorges Reservoir (TGR) in China is particularly vital,
given that most studies have been carried out in regions outside of
China, such as the northern United States, Canada, Poland, and the
former Soviet Union (e.g., Kondratjev, 1966; Cyberski, 1965 & 1973;
Avakyn, 1975; Shur et al., 1978; Lukac, 1982; Reid, 1985; Lawson,
1985; Gatto and Doe, 1987; Reid et al., 1988; Sadeghian et al., 2017).
Most studies of reservoir bank erosion have taken place in cold or
temperate regions, with only a few studies in tropical regions
(Fernandez and Fulfaro, 2000; Siqueira et al., 2015). The TGR is located
across subtropical climate regions; it was completed in 2006 and has
been in regular operation since 2010. Since the reservoir's impound-
ment, an RDZ has been created as a result of controlling the water flow.
The RDZ is characterized by variations in the annual cyclic water level
in conjunction with additional changes caused by rainfall events during
the wet season. In particular, the magnitude and frequency of the flow
in this zone are controlled by the 30m change in water level over one
annual cycle. Since 2010, multiple processes, including ecological de-
gradation in terms of vegetation loss and habitat fragmentation and
geomorphological adjustments through bank erosion and sedimenta-
tion, have been evident in the RDZ of the TGR (Bao et al., 2015b).
Moreover, the morphology of the RDZ has constantly changed due to
active erosion and deposition processes. However, the combined effect
of these processes on the RDZ and the associated morphological re-
sponses remain to be studied, which has halted the progress of

understanding the geochemical and biological processes that are linked
to the increasing pollution and destruction of the ecosystem in the RDZ.
The complex interactions among geomorphological, geochemical, and
ecological processes have made the RDZ a unique geomorphological
unit. Understanding the geomorphological processes will provide new
insight into the effect of the RDZ on water quality and the ecological
environment of the TGR (Bao et al., 2015a), which may help to improve
the management of cascade reservoirs in China as well as those in
countries around the world.

The DZ of the TGR is an artificial reservoir transitional zone that
significantly affects the health of the reservoir. The morphological
changes in the RDZ are subjected to fluvial processes driven by the
annual cyclic variation of the water level, as well as storm events.
Therefore, frequent switching between erosion and deposition occurs
throughout the year, making the geomorphological system extremely
dynamic and complex. Little knowledge of the impact of water im-
poundment on soil erosion in the DZ in the TGR is currently available.
Although the limited results from previous studies have demonstrated
that the depth of soil erosion varies spatially and its variation is de-
pendent on altitude (Bao et al., 2015b; Su et al., 2017), it is still not
clear how this depth changes from year to year. Hydrological, topo-
graphic, soil, geological and vegetation conditions are the critical fac-
tors that influence soil erosion (Vilmundardóttir et al., 2010; Bao et al.,
2015b; Kaczmarek et al., 2016;). If the endogenic agency (i.e., vege-
tation and topography) and exogenic agency (i.e., frequent water level
fluctuations, wave action from wind and boat traffic, and overland
runoff) of soil erosion change over time, then we propose that there will
be spatial-temporal variability in soil erosion followed by changes in
environmental variables. In order to test this hypothesis, this study
quantified the spatial and temporal changes in soil erosion in the DZ of
the TGR using data collected from 2008 to 2016 through an extensive
field survey and a nine-year in situ monitoring program around Zhong
County, Chongqing Municipality in the middle of the TGR. This study
aimed to understand the soil erosion trends at different spatial and
temporal scales in the DZ of the TGR and provide first-hand information
for future soil conservation planning in this zone.

2. Material and methods

2.1. Study area

The TGR covers a region of the Upper Yangtze River between

Fig. 1. Location of China's Three Gorges Reservoir and the study area.
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Chongqing and Yichang with a total water surface area of 1080 km2

(Fig. 1). Following full impoundment in 2010 (Yang et al., 2012), the
water level of the TGR rises to a maximum of 175m during the dry
season (October–March) every year and is used for energy generation.
The water level then gradually drops to the base level of 145m during
the wet season (April–September) to enable flood control. The devel-
opment of the TGR to the full storage capacity of 3.93 billion m3 re-
sulted in a DZ with a vertical height of 30m and a total area of 349 km2

along a 660 km reach from Yichang to the upstream section of
Chongqing (Lu and Higgitt, 2001; Shao, 2008). Since this zone is sub-
ject to regular reservoir operations, its hydrological regime is char-
acterized by annual cyclic water level variations combined with addi-
tional changes due to frequent rainfall during the wet season (Bao et al.,
2015a). Thus, the magnitude and frequency of the reservoir flow in this
zone are controlled by the dramatic change in the water level from 145
to 175m during an annual cycle. This altered hydrological regime has
triggered substantial environmental changes within the DZ (Zhang and
Lou, 2011), including intensified soil erosion.

Morphologically, the DZ of the TGR includes three soil profiles (see
Fig. 5 in Bao et al., 2015a). The first profile mainly comprises silt and
clay on an approximately linear and gentle slope extending laterally
for> 100m. The second profile comprises soils and rock fragments on
a slope with variable gradients that extend laterally no> 100m. The
third profile consists of a thin layer of underlying bare soils with car-
bonate and other bedrocks. The first profile type has been subject to the
most intensive soil erosion and thus was the focus of this study. Spe-
cifically, the first DZ type located around Zhong County, Chongqing
Municipality in the middle of the Upper Yangtze River was selected as
the study area (30°24′–30°26′N, 108°08′–108°11′E) (Fig. 1). The climate
of the study area is dominated by a humid subtropical monsoon climate
with a mean annual precipitation varying from 886 to 1614mm. A
substantial proportion of the annual precipitation occurs during the wet
season from May to September (Ye et al., 2012). The bed rock of the
study area includes sandstones, siltstones, and mudstones of the Jur-
assic Shaximiao Group (J2s) and is dominated by “purple soil”, which
includes fast-weathering Jurassic rocks with 18% clay, 30% silt, and
52% sand that are susceptible to erosion. Previously, the land where the
TGR is located consisted of sloping dry farmland, paddy fields, and
grassland; now it is mainly grassland and bare land. The DZ of the study
area specifically refers to the banks that are affected by the water level
fluctuations between 145 and 175m. The new flow regime dominating
this zone may be represented by a hydrograph with a blunt yet round
top curve, a series of low-magnitude serrated curves near the bottom,
and two very steep limbs (Fig. 2). The lower end of the ragged curves at
the bottom of the hydrograph represents the lowest water level of
145m, while the top irregular curve reflects the water level around the
maximum of 175m during the dry season. The multiple local peaks
with variable magnitudes are mainly distributed along the bottom and
near the falling limb, signifying the contributions of storm events to the
reservoir during the wet season. The magnitudes of these peaks are
much smaller than that of the peak of the main hydrograph, suggesting
that the new flow regime is dominated by operation-controlled water
level fluctuations. The original vegetation in the DZ was dominated by
annuals such as Setaria viridis, Digitaria ciliaris, and Leptochloa chinensis,
perennials such as Cynodo dactylon, Hemarthria altissima, and Capilli-
pedium assimile, and woody plants such as Ficus tikoua, Pterocarya ste-
noptera, and Vitex negundo. However, the annual plants listed above
became the dominant species after the area was flooded for the re-
servoir (New and Xie, 2008; Ye et al., 2013; Zhang et al., 2013).

2.2. Sampling design and data acquisition

The types of soil erosion in the study area are diverse and may be
classified as rainfall-runoff erosion during the exposed wet season,
wave erosion during the inundation period, and gravitational erosion,
such as mass failure, caused by the rapid changes in hydrological

conditions of hillslopes due to regular water level fluctuations.
Therefore, erosion processes have a relatively high degree of spatial and
temporal variability. To fully understand the variability, multiple
monitoring methods are needed to capture the soil erosion rates over
different short-term scales during a single rainfall event for both ex-
posed and inundated periods. Thus far, methods based on remote sen-
sing and topographic maps have been used to characterize soil erosion
at larger spatial scales and over longer time frames (Gatto and Doe,
1987; Bayram et al., 2013; Bachofer et al., 2014). For example, Duru
(2017) used remote sensing and geographical information system data
to examine historical changes in the shoreline along Lake Sapanca from
1975 to 2016. However, the coarse scale of the aerial photography and
satellite images and the obstruction by vegetation canopies can in-
troduce a high degree of uncertainty to the estimated bank erosion rates
(Day et al., 2013; Longoni et al., 2016). In recent years, a laser micro-
topographical scanner with high resolution has been used to quantita-
tively monitor dynamic river changes, define the riparian boundary,
and estimate riverbank erosion (e.g., Lim et al., 2005; Rosser et al.,
2005; Collins and Sitar, 2008; Kociuba et al., 2014). Unfortunately, this
method is difficult to use when assessing erosion rates over short time
frames because the equipment is expensive and suffers from accumu-
lative errors from both multi-period comparisons and surface vegeta-
tion (Thorne, 1981; Nasermoaddeli and Pasche, 2008). Although new
technologies have been developed to determine the continuous changes
in soil erosion rates along river banks, such as the Photo Electronic
Erosion Pin (PEEP) system (Lawler, 1991 & 2008; Papanicolaou et al.,
2017), they can record only daytime data and tend to be more practical
for single bank profiles than large areas. Erosion pins have been widely
used in geomorphology since the 1950s to estimate the rates of soil
erosion on land surfaces (e.g., Wolman, 1959; Vandekerckhove et al.,
2001; Ghimire et al., 2013). Typically erosion pins measurements are
taken once every year, or every month (Zaimes et al., 2017). It is
common practice to calculate annual erosion rates from pin measure-
ments as the mean net change in pin height over a given area, but some
studies have found that there are some incongruence between erosion
rates estimated from pins and other methods (Hancock and Evans,
2010; Hancock and Lowry, 2015). Kearney et al. (2018) suggest that
when using erosion pins for monitoring changes in erosion over time,
the absolute value of pin height change is likely a better indicator than
net real number change. Although there are some doubts about the
accuracy of the erosion pins approach, many studies have been more

Fig. 2. The new hydrological regime in the Three Gorges Reservoir between
2006 and 2017. Orange circles showed the impact of rainfall on the hydrograph
during the wet seasons.

Y. Bao et al. Catena 169 (2018) 128–139

130



optimistic regarding measurement uncertainty (Boardman et al., 2015).
Several studies report that the accuracy of erosion pin measurements
is± 0.5–1mm (Benito et al., 1992; Sirvent et al., 1997). Hence, sites
with low rates of erosion may not be suitable for erosion pin techniques
because of measurement error. In addition, it is suggested that the
disturbance of erosion pins by some natural processes (i.e., frost heave,
swelling, collapse and creep of soils) need to be took into account when
the erosion pins are installed and measured (Boardman and Favis-
Mortlock, 2016). In summary, the use of erosion pins for quantifying
short-term erosion rates is still suitable for field observations because
they not only are cost-effective and easy to operate but also may be
used for larger areas (Simon et al., 1999; Couper et al., 2002; Stott,
2005; Harden et al., 2009; Vietz et al., 2017; Rando et al., 2017).
Furthermore, the relatively short distances between pins help avoid the
potential impact of surface vegetation on measurement accuracy. For
these reasons, we used erosion pins to observe the spatial and temporal
changes in soil erosion rates from 2008 to 2016.

Field measurements were taken in two DZs stretching 8 km along
the mainstream of the Upper Yangtze River and 3 km along the Ruxi
River, which is a first-order tributary of the Upper Yangtze River. Nine
transects were selected along the lateral direction of the DZ in the
mainstream (M1–M9). M1 was the most downstream transect, while M9
was the most upstream one. Three transects were chosen in the tribu-
tary and labeled T1–T3 from downstream to upstream, respectively.
Each transect was 10m wide (parallel to the flow direction) with a
variable length of at least 100m (perpendicular to the flow direction)
and was located between the minimum (145m) and maximum (175m)
water levels of the reservoir. Each transect included three rows of
erosion pins with approximately equal spacing between rows. These
transects contained a variety of soil types, land types, topography and
vegetation and, thus, were representative of the study area (Table 1).

Within each transect, metallic and plastic erosion pins with a fixed
length of 60 cm were installed 1m apart from each other. The top 10 cm
of the pin were above the ground. To assure the quality of the data, we
kept the soil disturbance to a minimum during installation. Transects
M3, M9 and M2 were longer than the others and contained 450, 375
and 330 pins, respectively. The remaining nine transects contained
between 270 and 300 pins. A total of 2850 and 870 erosion pins were
installed in the mainstream disturbance zone and tributary disturbance
zone (MDZ and TDZ), respectively (Table 2). From August 2007, when

the reservoir water level was lowered, these pins were measured and
inspected annually. The exposed length of an erosion pin reflects the
time-integrated changes in surface micro-topography caused by soil
erosion/deposition between measurements.

Soil erosion in the DZ of the TGR is highly dynamic, and its mag-
nitude should be sensitive to different events. However, steps of water
impoundment with increasing magnitude and seasonal water level
fluctuations have created interannual variations in the hydrological
regime, which have become a principal factor in determining soil ero-
sion in the DZ. Thus, measurements of the annual soil erosion rate
corresponding to the changing hydrological regime can help explain
how soil erosion evolves and determine its temporal pattern with
consistent operation of the Three Gorges Dam. Furthermore, from a
practical view, event-based measurements of soil erosion are challen-
ging and difficult due to the frequent water level fluctuations in the
summer season and the long flooding durations in the winter season.
Hence, the observing program utilizes one year as the measurement
unit. That is, each erosion pin is measured and recorded using a rigid
steel ruler once each year according to the rhythm of reservoir water
level fluctuations. The annual soil erosion rate is calculated by com-
paring the measured values with values observed in the previous year.
Details on the methods used to determine the soil erosion rate (t·yr−1)
may be found in Bao et al. (2015b).

The change in soil erosion rate over two consecutive years (Q) may
be calculated as follows:

= − +Q S Si i 1 (1)

where Si is the soil erosion rate at year i, and Si+1 is the erosion rate at
year i+ 1. A positive or negative value of Q indicates a decrease or
increase in the soil erosion rate, respectively. The altitude of each
erosion pin was measured by combining the value obtained using an
altimeter with 1m accuracy with the recorded real-time water level.
The water level was directly read from the reservoir staff gage (ap-
proximately 1 km upstream of the study area). Daily water levels of the
reservoir at the outlet were downloaded from the website of the China
Three Gorges Corporation (http://www.ctgpc.com.cn). The water level
fluctuation schedule is shown in Fig. 2. Using these data, the flooding
duration at different altitudes was calculated.

t-Test analysis and analysis of variance (ANOVA) are statistical
methods that are widely used for judging whether group means are

Table 1
Characteristics of the sampling transects along the mainstream and tributary disturbance zones (MDZ and TDZ).

Sites No. Coordinates Soil type Vegetation Slope morphology Slope gradient

MDZ M1 30°25′15.9″N
108°10′30.3″E

Purple soil Crop, Natural meadow, average vegetation coverage is range from 10% to 86% Slope+ terrace 5°–20°

M2 30°25′15.6″N
108°10′24.9″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 60% Slope+ terrace 2°–15°

M3 30°25′03.4″N
108°9′55.9″E

Purple soil Crop, Natural meadow, average vegetation coverage is range from 25% to 70% Slope+ terrace 2°–10°

M4 30°24′58.1″N
108°9′46.2″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 90% Slope+ terrace 10°–36°

M5 30°24′53.4″N
108°9′32.7″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 90% Slope+ terrace 5°–38°

M6 30°24′48.5″N
108°9′16.2″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 70% Slope+ terrace 10°–30°

M7 30°24′23.5″N
108°8′47.7″E

Purple soil Natural meadow, average vegetation coverage is a range from 25% to 80% Slope+ terrace 10°–22°

M8 30°24′20.8″N
108°8′41.1″E

Purple soil Natural meadow, average vegetation coverage is a range from 0% to 35% Slope 5°–38°

M9 30°24′15.5″N
108°8′28.5″E

Purple soil Crop, Natural meadow, average vegetation coverage is range from 20% to 90% Slope+ terrace 2°–15°

TDZ T1 30°24′22.27″N
108°8′46.25″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 90% Slope+ terrace 2°–20°

T2 30°24′57.47″N
108°8′44.44″E

Purple soil Natural meadow, average vegetation coverage is range from 20% to 80% Slope+ terrace 5°–25°

T3 30°25′33.12″N
108°8′34.61″E

Purple soil Natural meadow, average vegetation coverage is range from 30% to 95% Slope+ terrace 2°–15°
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statistically similar or not (Kao and Green, 2008). The former analyses
the means for two groups, while the latter analyses the means of more
than two groups (Kim, 2014). In this study, the t-test method was used
to examine the difference in the annual soil erosion rates between the
MDZ and TDZ and the (one-way) ANOVA method was adopted to
evaluate the differences of these rates among different monitoring lo-
cations and different years. All statistical analyses were carried out at
the 95% confidence level (i.e., p < 0.05). In addition, four different
commonly used regression models (i.e., linear, power, exponential and
polynomial) (Liu et al., 1994; Jin, 1996; Nunes et al., 2011; Suleman
et al., 2014) were developed to capture the relationship between annual
erosion rates and each of the two relevant variables, local slope and
percentage vegetation cover within the study area.

3. Results

3.1. Intensity of soil erosion

From the 12 sampling transects in the studied DZ, the observed
maximum value of the mean annual erosion depth between 2008 and
2016 was 48mm at M5, and the minimum value was 5mm at T3
(Table 3). The mean annual erosion depth ranged from 22 to 48mm in
the MDZ, with an average of 37mm, while it ranged from only 5 to
7mm with an average of 6mm in the TDZ. Spatially, the annual eroded
soil depth showed apparent heterogeneity along each transect. The
maximum and minimum values of individual soil erosion depths were
115 and 1mm, respectively. The annual eroded soil depths of the nine
transects in the MDZ had standard deviations varying from 10.6 to
18.5 mm during the study period (i.e., 2008–2016), while those for the
three transects in the TDZ ranged from 1.1 to 1.3 mm. The coefficient of
variance (CV) ranged from 28.8% to 57.8% in the MDZ, but it ranged
from 23.1% to 25.3% in the TDZ. Specifically, the CV of soil erosion
depth for the M9 transect in the MDZ was the largest (57.8%), while the
T1 transect in the TDZ had the lowest CV value (23.1%). The CV values
of soil erosion depth for the different transects in the TDZ were sig-
nificantly lower than those in the MDZ (t-test, p= 0.016). However, the

CV values for soil erosion depth in the MDZ were approximately one to
three times greater than those in the TDZ. These results indicate that
soil erosion rates were highly spatially variable, with a higher degree of
variation in the MDZ.

Following the same trend, the mean annual erosion rate ranged
from 32,383 to 69,593 t km−2 yr−1 when the site-specific bulk density
was considered, with an average of 54,050 t km−2 yr−1 in the MDZ,
whereas this value varied from 8107 to 10,360 t km−2 yr−1, with an
average of 9191 t km−2 yr−1 in the TDZ (Table 3). Evidently, the rate of
soil erosion was significantly higher in the MDZ than that in the TDZ (t-
test, p= 0.0001), and the mean annual erosion rate of the former
was> 6 times higher than that of the latter.

3.2. Variability of soil erosion rates at different elevations

The 12 transects may be roughly grouped into four categories ac-
cording to their physiographic properties (i.e., slope length, slope gra-
dient and vegetation). The first group included M1 and M2, which were
100m long with relatively shallow gradients. The second group in-
cluded M3 and M9, which were covered with crops and natural mea-
dows; they were approximately 125m long with the lowest gradients.
The third group contained M4, M5, M6, M7 and M8, which had steeper
gradients and shorter slope lengths. The last group included T1, T2 and
T3, which were located in the TDZ and were approximately 100m long.
Fig. 3 shows the relationship between the annual soil erosion rates from
2008 to 2016 and the altitudes associated with these four transect types
in the study area. The range of soil erosion rates between 145 and
175m altitude (i.e., M1, M6 and M9 in Fig. 3; all altitudes quoted in this
paper are meters above sea level) was generally larger along transects
in the MDZ than that in the TDZ, suggesting that soil erosion was more
dynamic in the MDZ. In addition, the soil erosion rates at all altitudes
displayed distinct patterns in the transects between the MDZ and TDZ.
The erosion rates in the MDZ generally decreased from 145 to 150m
altitude and then fluctuated from 150 to 175m with different magni-
tudes of fluctuation at different ranges of elevations and along different
transects (Fig. 3). From 150 to 168m altitude, the overall trends of the

Table 2
Design of erosion pins in the sampling transects.

Sites No. Coordinates Slope length (m) Number of pins Slope gradient (°)⁎ Vegetation cover (%)

Lower Middle Upper Lower Middle Upper

MDZ M1 30°25′15.9″N
108°10′30.3″E

100 300 10–20 5–15 15–20 20–30 10–50 30–86

M2 30°25′15.6″N
108°10′24.9″E

110 330 10–15 2–10 10–15 20–35 30–50 50–60

M3 30°25′03.4″N
108°9′55.9″E

150 450 5–10 2–10 5–10 25–35 40–60 60–70

M4 30°24′58.1″N
108°9′46.2″E

95 285 10–36 10–15 15–36 20–30 20–50 50–90

M5 30°24′53.4″N
108°9′32.7″E

95 285 10–35 5–15 20–38 20–30 25–65 50–90

M6 30°24′48.5″N
108°9′16.2″E

90 270 10–30 15–30 20–30 20–30 40–60 60–70

M7 30°24′23.5″N
108°8′47.7″E

95 285 10–22 10–22 10–22 25–35 30–60 60–80

M8 30°24′20.8″N
108°8′41.1″E

90 270 15–38 10–25 20–38 0–10 0–10 10–35

M9 30°24′15.5″N
108°8′28.5″E

125 375 2–15 10–15 10–15 20–45 30–75 40–95

TDZ T1 30°24′22.27″N
108°8′46.25″E

95 285 2–15 10–20 10–20 20–35 30–65 50–90

T2 30°24′57.47″N
108°8′44.44″E

95 285 5–15 5–25 15–22 20–45 30–50 50–80

T3 30°25′33.12″N
108°8′34.61″E

100 300 2–10 2–10 10–15 30–50 40–75 60–95

⁎ The topographic position of each transect hillslope is divided into three categories from the ridge tops (175m altitude) to the bottoms (145m altitude): lower,
middle, and upper slope. The lower slope is the area toward the base of the slope. The middle slope is the area between the upper and lower slopes. The upper slope is
the upper portion immediately below the crest of 175m water level.
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erosion rates at M1 and M9 were similar, peaking at the altitudes of 155
and 165m, respectively. However, for the remaining elevations, two
different trends can be identified. After a rapid increase from 168 to
172m altitude, the erosion rate at M1 decreased gradually from 172 to
175m altitude, whereas there was a steady increase from 168 to 175m
altitude at M9. By contrast, there was little change at M6 from 150 to

155m altitude. After reaching the lowest value at an altitude of 158m,
the erosion rate increased again from 160 to 165m, and then decreased
from 165 to 170m. Finally, the erosion rate increased from 170 to
175m altitude. At the transect T3 in the TDZ, the erosion rate decreased
slightly from 145 to 150m altitude, which subsequently remained
constant up to 160m and then increased gradually up to the 175m

Table 3
Statistical properties of soil erosion depths and rates in the disturbance zone (DZ) of the study area (2008–2016).

Sites No. Coordinates Annual erosion depth Bulk density
(g cm−3)

Annual erosion rate
(t·km−2·yr−1)

Mean (mm) Minimum (mm) Maximum (mm) Standard deviation CV (%)

MDZ M1 30°25′15.9″N
108°10′30.3″E

43 5 110 18.5 44.3 1.41 60,787

M2 30°25′15.6″N
108°10′24.9″E

31 5 70 11.5 39.6 1.45 44,628

M3 30°25′03.4″N
108°9′55.9″E

28 5 65 10.4 39.0 1.47 40,670

M4 30°24′58.1″N
108°9′46.2″E

44 10 95 12.4 28.8 1.49 65,394

M5 30°24′53.4″N
108°9′32.7″E

48 1 115 13.9 30.2 1.46 69,593

M6 30°24′48.5″N
108°9′16.2″E

40 4 85 13.0 34.3 1.49 59,931

M7 30°24′23.5″N
108°8′47.7″E

39 2 92 13.7 38.6 1.46 56,940

M8 30°24′20.8″N
108°8′41.1″E

38 1 85 12.9 36.9 1.49 56,123

M9 30°24′15.5″N
108°8′28.5″E

22 1 65 10.6 57.8 1.45 32,383

TDZ T1 30°24′22.27″N
108°8′46.25″E

6 1 15 1.2 23.1 1.49 9106

T2 30°24′57.47″N
108°8′44.44″E

7 1 19 1.3 23.4 1.48 10,360

T3 30°25′33.12″N
108°8′34.61″E

5 1 15 1.1 25.3 1.52 8107

Fig. 3. Soil erosion rate versus elevation at four typical transects in the study area between 2008 and 2016.
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altitude (Fig. 3). Again, the higher elevation-related vertical variation
of the soil erosion rates along the nine transects in the MDZ suggests
that soil erosion processes were more dynamic in the MDZ than in the
TDZ.

The annual mean soil erosion rate from all transects in the MDZ was
32.0 mm yr−1. At altitudes of 170–175m, 145–150m and 160–165m,
the annual mean soil erosion rates were higher than the mean with
values of 42.0, 35.0 and 34.4mm yr−1, respectively. However, at alti-
tudes of 165–170m, 150–155m and 155–160m, the erosion rates were
lower than the mean with values of 31.7, 26.4 and 23.8 mm yr−1, re-
spectively (Table 4). Overall, the zone at the altitudes of 170–175m
experienced more intensive erosion than that at altitudes of 145–170m,
followed by the erosion rates at altitudes of 145–150m, 160–165m and
165–170m (one-way ANOVA, p < 0.05).

Nonetheless, there were much smaller elevation-based variations in
the erosion rates for the TDZ (Table 4). The annual average soil erosion
rate for all three transects was only 5.1 mmyr−1. Within the
145–150m, 150–155m and 170–175m altitude ranges, it was 5.9, 5.7
and 5.5mm yr−1, respectively, with no significant difference between
these altitude ranges (one-way ANOVA, p > 0.05). The annual soil
erosion rates for the altitudes of 160–165m and 165–170m were 4.9
and 4.8mm yr−1, respectively, so slightly lower than the mean. All
transects in the TDZ that were in the altitude range 155–160m had the
lowest annual soil erosion rate, which was 4.1mm yr−1. However, the
soil erosion rates for the 145–155m and 170–175m altitude ranges
were greater than those for the 160–170m and 155–160m altitude
ranges (one-way ANOVA, p < 0.05).

3.3. Temporal variation of soil erosion

The average soil erosion rates of the 12 transects in different years
ranged from 15 to 50mm yr−1 for the MDZ and from 1 to 15mm yr−1

for the TDZ (Fig. 4). During the nine-year study period (2008–2016),
the soil erosion rates decreased gradually for all transects in both the
MDZ and TDZ with the highest values in 2008 and the lowest in 2016
(Fig. 4). There were also obvious and large interannual variations,
which were most easily observed in the 5-point locally weighted scat-
terplot smoothing (LOWESS) regression curve (Fig. 4). These results
showed that the soil erosion rate was negatively correlated with time at
all transects, and the polynomial model fitted the data the best for all
transects in both the MDZ and TDZ.

The average annual rate of change (Q in Eq. (1)) in soil erosion at all
transects in the MDZ was 4.1mm yr−1, whereas it was only
1.7 mm yr−1 at the transects in the TDZ. This value in the MDZ was

statistically higher than that in the TDZ (one-way ANOVA, p < 0.05).
This value was also statistically similar among the transects of the MDZ
over the study period (2008–2014). The value of Q was, however,
significantly higher in 2015 and 2016 than in the other years (Table 5),
when the Q values were 6.2 and 8.1mm yr−1, respectively. While the
rate of change (Q) in annual soil erosion from 2008 to 2014 ranged
from 2.6mm yr−1 to 3.6 mmyr−1, which is slightly lower than the
average (Table 5), it was significantly different from the rates at the
transects in the TDZ during the initial period (2008–2009) with values
of 4.0 and 3.0 mm yr−1. After 2009, this value decreased linearly for all
transects in the TDZ.

4. Discussions

4.1. Effect of the altered hydrological regime on soil erosion

Soil erosion in any reservoir or lake DZ is an important factor that

Table 4
Comparison of soil erosion rates in the study area between the mainstream and
tributary disturbance zones (MDZ and TDZ).

Sites Elevation (m a.s.l.) On each transect (mm yr−1)⁎

MDZ 145–150 35.0 ± 15.8d
150–155 26.4 ± 7.6b
155–160 23.8 ± 8.9a
160–165 34.4 ± 12.8cd
165–170 31.7 ± 11.2c
170–175 42.0 ± 10.8e

Average 145–175 32.0 ± 13.1a
TDZ 145–150 5.9 ± 0.8c

150–155 5.7 ± 0.9c
155–160 4.1 ± 0.8a
160–165 4.8 ± 0.9b
165–170 4.9 ± 1.0b
170–175 5.5 ± 0.9c

Average 145–175 5.1 ± 1.1b

⁎ The results are given as the mean ± SD. Values in the same column fol-
lowed by different letters indicate significant differences at significance level of
0.05. Fig. 4. Inter-annual variation of the soil erosion rates at different transects of

the study area from 2008 to 2016.

Table 5
Rates of change of annual soil erosion (i.e., Q) in the mainstream and tributary
disturbance zones (MDZ and TDZ).

Sites Year Q (mm) One-way ANOVA

Maximum Minimum Inter-annual⁎

MDZ 2009 7 2 3.6 ± 1.7a
2010 4 1 2.6 ± 0.9a
2011 5 1 2.9 ± 1.4a
2012 6 0 3.1 ± 2.0a
2013 6 0 2.6 ± 1.7a
2014 6 1 3.6 ± 1.5a
2015 8 5 6.2 ± 1.0b
2016 15 3 8.1 ± 3.5c
Total 15 0 4.1 ± 2.6a

TDZ 2009 5 3 4.0 ± 1.0d
2010 3 3 3.0 ± 0.4 cd
2011 2 1 1.3 ± 0.6ab
2012 3 0 1.3 ± 1.5ab
2013 1 0 0.3 ± 0.6a
2014 1 0 0.7 ± 0.6a
2015 3 2 2.3 ± 0.6bc
2016 1 0 0.7 ± 0.6a
Total 5 0 1.7 ± 1.4b

⁎ The results are given as the mean ± SD. Values in the same column fol-
lowed by different letters indicate significant differences at significance level of
0.05.
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controls the morphological changes in reservoirs or lake banks. The
annual soil erosion depths in the DZs of other reservoirs and lakes
around the world may be two orders of magnitude higher than those in
the DZ of the TGR (Table 6). This vast difference in soil erosion rate
between the two must reflect their different morphological processes.
The DZs in the former are indeed banks that have heights that range
from only 0.5 to 12m and slopes varying from 20o to almost vertical
(i.e., cliffs). Their soil erosion rates were measured as either the depth
of soil accumulation at the bank toe or the rates of bank recession
(Siqueira et al., 2015). Thus, these measurements are essentially the
rates of mass wasting processes. In the TGR, however, the banks of the
DZ are gently sloped and long, and thus, the measured rates are the true
surface soil erosion rates, which should be, in principle, much less than
those necessary for bank collapse. The difference in morphology be-
tween the DZs of other reservoirs (and lakes) and that of the TGR also
suggests that the latter is unique (Bao et al., 2015a) and deserves more
attention.

Within the TGR, soil erosion rates in the DZ can be 20 times higher
than those on the steep uplands above the DZ (Table 6). The latter area
are located at altitudes above 175m where erosion is solely controlled
by natural hydrological processes, whereas erosion in the former area is
dominated by the combination of (i) the artificially regulated hydro-
logical regime that is characterized by an annual cycle of flooding and
draining, and (ii) the natural hydrological processes due to summer
rainfall events. Therefore, the morphology of the DZ in the TGR is
shaped by both aquatic processes due to oscillatory flows (i.e., flows
driven by surface waves) and terrestrial, fluvial processes due to storm
flows (Bao et al., 2015a).

The magnitude of soil erosion in the DZ of the TGR not only varies
spatially due to locally variable hydrological and morphological con-
ditions but also demonstrates high inter-event variability that is mainly
controlled by flood characteristics and the cycle of reservoir water level
regulation (Nagle et al., 2012; Kronvang et al., 2013; Bao et al., 2015a).
Furthermore, the timing (i.e., season), duration, frequency, rate of
change, and magnitude of water impoundment have been identified as

important factors for characterizing the geomorphological and ecolo-
gical processes within the DZ (Nilsson and Svedmark, 2002; Bao et al.,
2015a). Our previous studies showed that the variations and magni-
tudes of water waves in the mainstream were significantly higher than
those in the tributary (Bao et al., 2015b; Li et al., 2016), which may be
the main reason for the mean annual erosion rates in the MDZ generally
being more than six times higher than those in the TDZ.

Our findings also indicated that soil erosion markedly fluctuated
with altitude in the DZ of the TGR. This elevation-dependent pattern of
soil erosion may be caused by the altered hydrological regime resulting
from the water in the reservoir together with variable flows due to
surface waves. As shown in Fig. 5, the fluctuation pattern of soil erosion
rates in the DZ was consistent with that of the specific water level re-
sidence time. The residence times around the minimum and maximum
levels were significantly longer than those at the other levels. The lower
the altitude, the longer it took for the associated DZ to be flooded over a
one-year cycle.

4.2. Effects of slope and vegetation on dynamic changes of soil erosion

Slope gradient is essential variables that control soil erosion on
hillslopes due to overland flow (Liu et al., 2001). As the slope gradient
increases, the amount of soil loss increases when the surface roughness
remains unchanged (Fang et al., 2014). Thus, a statistically significant
relationship between the slope and the associated soil erosion rate
should exist. A regression analysis using four different models (Fig. 6)
showed that the soil erosion rate was positively correlated with the
slope gradient in general, which was consistent with the hydraulic
principle. A comparison of the models indicated that the polynomial
and exponential models fitted the data better than the linear and power
models for both grassland and bare land. However, the power model
still performed well (Fig. 6). In particular, the power model captured
the curved trends of the measured data. Given that the power model
requires fewer coefficients than either the polynomial or exponential
model, it would have a lower degree of uncertainty than those of the

Table 6
Soil erosion rates in the disturbance zone (DZ) of many reservoirs and lakes and the hillslope above the DZ of the TGR.⁎

Location Land use Gradient (°) Erosion rates Data source Methods

(t km−2 yr−1) (mm yr−1)

Sloping land of the Upper Yangtze River
area

Annual culture 6 3122 Zhu et al., 2002 Erosion pins
Annual culture 15 4969 Jiang and Li, 1995 Runoff plots

Sloping land of the TGR Annual culture 24 2965 Jing and Zhang, 2007 Runoff plots
Shrub and grassland 25 933
Bare land 23 2970
Bare land 33 4961
Annual culture 24 3750 Dong, et al., 2009 Runoff plots
Grassland 10 2330 Shi et al., 2011 Erosion pins

DZ of TGR Artificial grassland 15 21,340 15 Bao et al., 2012 Erosion pins
Natural grassland 15 37,794 26
Bunch planting 15 64,670 41
Annual culture 15 94,887 59
Bare land 15 92,423 55
Natural Grassland 15.6 32,625 23 Su et al., 2017 Erosion pins
Natural Grassland 15.9 9280 6
Natural Grassland 19.3 12,180 8
Natural Grassland 24 10,150 7

DZ of Itaipu reservoir Annual culture Cutbank (> 50°) 620 Fernandez and Fulfaro,
2000

Erosion pins
Afforestation 670
Grassland 1630

DZ of Flathead lake Bareland Cutbank (> 50°) 500–2500 Lorang and Stanford, 1993 Erosion pins
DZ of Porto Primavera Reservoir Bareland Cutbank (20–30° or

Bluff)
958–6417 Siqueira et al., 2015 Bathymetric surveys

⁎ These data were obtained using three different methods, erosion pin, runoff plot, and bathymetric survey, each of which has limitations in accuracy and
reliability (Hudson, 1993). Nonetheless, they are all based on direct in situ observation and may give rise to annual surface erosion rates (Li et al., 1995). Furthermore
the potential errors due to their limitations are much less than the difference of the measured erosion rates among different reservoirs, as well as between the DZ and
its above hillslope of the TGR. Thus, these data are comparable.
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other two models when used for prediction. Therefore, the power model
may be used in the future to characterize the possible changes in these
relationships.

In addition to slope gradient, vegetation may also significantly af-
fect erosion in the DZ of the TGR (Coops et al., 1996; Simon and
Collison, 2002; Wynn and Mostaghimi, 2006; Zuazo and Pleguezuelo,
2008; Du et al., 2010). A dense vegetation cover reduces the possibility
of soil being disturbed by raindrops, runoff and reservoir water waves.
Vegetation may also bind surface soil using its roots and hence increase
soil resistance to erosion. These two roles of vegetation explained the
finding that soil erosion rate decreased as vegetation cover increased
over all slope gradients (Fig. 7a). When the soil erosion rates for dif-
ferent slope gradients were averaged for a given vegetation cover, the
relationship between the averaged rates and the associated vegetation
cover could be shown with an exponential model (Fig. 7b), suggesting
that in the DZ of the TGR, the impact of vegetation was higher than that
of slope on soil erosion.

Since the TGR reached full operation in 2010, the reservoir has
created a new annual hydrological regime that regularly switches be-
tween wet and dry seasons (Fig. 2). Consequently, the vegetation in the
DZ of the TGR has been subject to seasonally variable flows and cycles

of wet and dry seasons (New and Xie, 2008; Bao et al., 2015a). Influ-
enced by this new hydrological regime, the abundance of the original
plant species within the DZ has been drastically reduced (Huang, 2001;
New and Xie, 2008); in particular, this reduction rate was high at the
beginning of the new hydrological regime and decreased gradually
thereafter (Zhu et al., 2015). After the initial period (approximately two
or three years), vegetation in the DZ began to gradually adapt to the
new environment. Some species that could handle different flooding
periods at different elevations survived. This adjustment catalyzed the
development of a new vegetation trend that exhibited an elevation-
dependent gradient of vegetation distribution in the DZ of the TGR
(Wang et al., 2011; Wang et al., 2012). Furthermore, the vegetation
recovery rate in the TDZ is higher than that in the MDZ, and the ve-
getation coverage in the former is much higher than that in the latter
(Chinese academy of engineering, 2014). This partial recovery could
reduce the degree of soil erosion. Furthermore, morphological changes
in the topography of the DZ have caused a gradual reduction in its slope
gradient (Bao et al., 2010; Chinese academy of engineering, 2014; Bao
et al., 2015b; Su et al., 2017). These changes in vegetation and slope
gradient might continue and will play an important role in reducing soil
erosion in the DZ of the TGR.

5. Conclusions

The geomorphological adjustment of the DZ of China's TGR is in its
early stages. Understanding the processes that control soil erosion in
this zone is an emerging new research topic. This study reported the soil
erosion rates obtained through extensive field measurements and in situ
monitoring between 2008 and 2016. However, it is still unknown ex-
actly how long before the soil erosion rate becomes stable or ap-
proaches zero. Continuous large-scale and long-term monitoring and
surveying are required to understand the explicit trends in soil erosion.
Furthermore, process-based erosion models and new sampling strate-
gies should be developed to characterize the relative magnitudes of soil
erosion rates at different elevations of the MDZ and TDZ, which will
allow for the identification of the relative importance of different fac-
tors acting on the DZ of the TGR. The results from this study suggest
that conservation actions should be mainly targeted at mainstream
reaches, especially for sections with elevations < 155m or>170m,
where significant soil erosion has been observed. Vegetation restoration
is a major strategy that can reduce soil erosion, improve landscapes, as
well as enhance ecosystem values and services.

Fig. 5. The annual average residence periods at different water levels and the associated soil erosion rates within the study area.

Fig. 6. Four regression models for the relationship between soil erosion rate
and slope gradient in the grassland and bare land.
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