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Abstract: The evolution of the landslide erosion of bank slopes in reservoir regions is cru-
cial for disaster prevention and mitigation in hydropower projects, and it is also an im-
portant topic to investigate the impact of anthropogenic activities on the environment. A
dispute exists on the landslide erosion of bank slopes under reservoir impoundment. In
this paper, we chose the Xiluodu reservoir as a typical case for analysis. The reservoir is
located on the eastern Qinghai-Tibetan Plateau and ranks as the fourth largest hydro-
power station in the world. Firstly, we identified landslides using the multi-temporal im-
age interpretation method before and after impoundment in the reservoir area, and estab-
lished a landslide dataset. On this basis, we analyzed the spatiotemporal distribution of
these landslides, and derived the landslide erosion rate based on the quantitative relation
between landslide volume and area. The results showed that the landslide erosion rate
increased sharply during the initial impoundment period and decreased exponentially.
We then analyzed reservoir-induced landslides worldwide and found that most reservoir
bank slopes tend to stabilize after about five years of impoundment, eventually even be-
coming more stable than pre-impoundment, regardless of the location, scale, water fluc-
tuations, and geoenvironment. Thus, in the long term, reservoir construction tends to re-
duce erosion and contribute to bank stability. This study provides a preliminary answer
to the controversial issue of the impact of reservoir construction on the natural environ-
ment.

Keywords: reservoir impoundment; landslide erosion; spatiotemporal distribution;
long-term evolution trend

1. Introduction

Landslide erosion refers to a process in which part of the rock and soil mass on a
slope undergoes failure along a defined rupture surface under the influence of gravity,
slides downward and forward, and accumulates at a relatively short distance [1]. The in-
itial rising and subsequent fluctuation of reservoir water can cause significant changes in
hydrological conditions in the surrounding geological body, and lead to intensified land-
slide erosion in the reservoir area. For example, more than 500 landslides occurred on the
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bank slopes of Roosevelt Lake during the 12-year reservoir operation from 1941 to 1953,
causing severe economic losses [2,3]. A catastrophic bank slope failure occurred in Vajont
Reservoir after 4 years of operation in 1963, resulting in more than 2600 casualties [4].
Since the Three Gorges Reservoir began to impound in 2003, 4429 geohazardous events
have occurred [5], among which the Qianjiangping landslide occurred soon after the ini-
tial impoundment and generated a 30 m high impulse wave, resulting in 24 lives lost and
346 buildings damaged [6]. Typical reservoir-induced landslides have been studied to
clarify how reservoir impounding can induce instability of the bank slope. Field monitor-
ing and investigations have shown that the development of a reservoir landslide is not
just an instantaneous event, but always a long-term progressive process from deformation
initiation to eventual failure along with damage accumulation and strength degradation
[4,7-11]. Reservoir inundation, water fluctuations, and rainfall are the main factors that
promote this long-term progressive process [8,12-14]. This long-term progressive process
may exhibit different deformation and stability patterns due to varying internal and ex-
ternal conditions. Some landslides may accelerate and fail, while others may slow down
and reach a stable state. For example, the Vajont landslide in Italy experienced a sudden
failure in 1963 after creeping for three years, accumulating nearly 4 m of displacement
before the disaster occurred [15]. In contrast, the Central Landslide in northern Poland
showed increased activity during three different periods after the initial filling of the
Wrhoctawek reservoir in the early 1970s. However, no movement has been recorded within
the landslide since March 2011 [16]. Existing studies have also found that some reactivated
landslide masses begin to undergo a self-stabilizing process (the self-stabilizing process
of a landslide refers to the promotion of slope stability through the self-regulation of fac-
tors such as the physical properties of the soil, geometric configuration, and other related
parameters following the initial displacement of the landslide mass) as displacement ac-
cumulates [15,17]. But the mechanism of this self-stabilizing process remains unclear. Un-
derstanding the long-term evolutionary trends and mechanism of landslides after reacti-
vation remains worthy of considerable attention.

Some scholars have researched periods of frequent landslide incidence after reservoir
impoundment from a statistical perspective. For example, Jones [2] noted that nearly half
of landslides in the Roosevelt Lake developed during the initial reservoir impoundment
period in 1941-1942. Li [18] disclosed that the landslides at the Huanglongtan Reservoir
exhibited a concentrated outbreak of over 20 landslides within the first two years after
impoundment. Riemer [19] concluded that 85% of landslides reactivated either during
reservoir construction or within the first two years after impoundment based on the data
from 60 published cases. In the Three Gorges Reservoir, many landslides reactivated dur-
ing the initial water rise to the normal level [20,21]. The above findings indicate that the
reservoir impounding stage is a key triggering period for reservoir-induced landslides, as
shown by statistical counting of the number of landslides. Yet, the evolution of reservoir-
induced landslides with an increasing duration of reservoir impoundment is still not fully
understood.

In recent years, 149 large-scale hydropower stations have been operated along the
rivers in the Hengduan Mountain of the eastern Qinghai-Tibetan Plateau [22]. The region
characterizes intense endogenic and exogenic geological processes, resulting in a land-
slide-prone geological environment. There is always a dispute on whether the impact of
reservoir construction on the geological environment is positive or negative, especially in
such an active orogenic belt.

The establishment of a multi-temporal landslide inventory is crucial for studying the
evolution of reservoir-induced landslide erosion. Many approaches can be used to create
a multi-temporal landslide inventory map. The traditional method is field geological sur-
veys [18,21]. However, this is no longer economically viable for widespread areas, and
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some long-term field survey information is not easily accessible. Optical remote sensing
enables the multi-temporal interpretation of landslides over large areas. For instance, Beh-
ling et al. [23] utilized multi-sensor optical remote sensing imagery to create multi-tem-
poral landslide inventory maps in southern Kyrgyzstan. Although manual visual inter-
pretation is time-consuming and labor-intensive, it remains a reliable method for obtain-
ing accurate landslide data [24,25]. Significantly, the advent in 2005 of Google Earth®,
which offers multi-temporal imagery with a maximum resolution of up to 0.6 m, and the
ability to look at the images in 3D, has greatly improved the efficiency of visual interpre-
tation [26]. Ground-based radar and LiDAR have evolved in the last few decades [27],
enabling the creation of high-resolution and precise digital elevation models [28]. The
main difficulty is acquiring historical data with adequate spatial resolution to detect
ground movements, without relying on ground-based measurements [13]. Interferometric
Synthetic Aperture Radar (InSAR) is one of the most advanced tools for monitoring long-
term ground deformation. It has the advantages of wide spatial coverage and the capabil-
ity for constant operation in all weather conditions. Previous studies have carried out re-
gional landslide mapping [29-31], landslide displacement monitoring [32,33], and land-
slide mechanism analysis [13,34] using INSAR. However, the establishment of a multi-
temporal landslide inventory in areas characterized by a humid climate, dense vegetation,
and steep terrain faces challenges such as poor image continuity, geometrical distortions,
temporal and volume decorrelation, and severe atmosphere artifacts [35]. In summary,
for the establishment of a multi-temporal landslide inventory in mountainous canyon ar-
eas, manual visual interpretation based on optical remote sensing remains the most relia-
ble and feasible method. Building on this, this study established a database incorporating
536 landslides within the Xiluodu reservoir area along the Jinsha River on the eastern
Qinghai-Tibetan Plateau. Through multi-temporal satellite image analysis and field sur-
veys, we identified the occurrence time of these landslides from 2010 to 2023, covering
both the pre- and post-reservoir impoundment stages. Then, the landslide erosion rate of
the reservoir banks was calculated using the empirical relationship between landslide vol-
ume and area. We compared the spatiotemporal distribution of landslides before and after
reservoir impoundment. Combined with two long-term deformation monitoring cases of
reservoir-induced landslides and 63 published regional cases, we clarified the evolution-
ary trend of bank slope stability in the Xiluodu reservoir area. (Slope stability is typically
assessed using the safety factor (FS) [36], which is the ratio of the resisting forces to the
driving forces. When FS > 1, the slope is considered stable; when FS = 1, the slope is in a
state of critical equilibrium; and when FS < 1, the slope is unstable.) Finally, we discussed
the long-term effects of reservoirs on the geoenvironment.

2. Geological Settings of the Study Area

The study area is located in SW China, on the eastern margin of the Qinghai-Tibetan
Plateau (Figure 1a). Generally, from NW to SE, the elevation decreases gradually from
5000 to 1000 m. Tectonically, the area belongs to the Daliangshan sub-block, which is ad-
jacent to the Sichuan—Yunnan Rhombic Block. Several famous strike-slip faults have de-
veloped in these blocks; they are the Jiali-Nujiang fault (JL-NJF), Lan Cang Jiang fault
(LCJF), Jinsha fault (JSF), Litang-Dewu fault (LT-DWEF), Xianshuihe fault (XSHF), An-
ninghe fault (ANHF), and Xiaojiang fault (XJF), from W to E (Figure 1a). Overall, they
strike N-S or NW-SE, which controls the rivers direction as well. Rivers continuously
create incision-formed deep valleys and huge mountains in this region, which is com-
posed of a unique geographical unit named the Hengduan Mountain region in China.
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Figure 1. (a) The regional structure (the boundary data of the blocks refer to Zhang et al. [37] and
fault data (1:4,000,000) from Qi [38]). JL-NJF: Jiali-Nujiang fault; LCJF: Lan Cang Jiang fault; JSF:
Jinsha fault; LT-DWEF: Litang-Dewu fault; XSHF: Xianshuihe fault; ANHF: Anninghe fault; XJF:
Xiaojiang fault. (b) Faults and earthquakes (data from http://data.earthquake.cn, accessed on 30 Jan-
uary 2025) in the Xiluodu reservoir area. ZMHF: Zemubhe fault; DLSF: Daliangshan fault; EB-YFF:
Erbian-Yanfeng fault; MB-YJF: Mabian-Yanjin fault (MB-Y]JF); LEF-ZTF: Lianfeng-Zhaotong fault.

The Xiluodu Hydropower Station is located downstream of Jinsha River (Figure 2a).
It has a double-curvature arch dam with a maximum height of 285.5 m. The installed ca-
pacity reaches 13,860 MW and ranks as the fourth largest globally, following the Three
Gorges, Baihetan, and Yatapi Hydropower Stations. The reservoir has a normal pool level
of 600 m and a total storage capacity of 1.27 x 10* m?, with a length of 195.1 km and an
area of 133.65 km? for the reservoir at its normal level.

103‘:0‘]2 103°|30'E
are }N\ b
Dam
Lg
Chengdu "
® Proviact Coplt % Fig.2b)
o e Kunming
Z. | [ Niuotu Resevoirarea L z
S A onti i raeas. 0501000 =
& -
&L > &
Y&  Hydropower station
O Shangtianba Landslide
= Fault
Jinsha River
- Landslides Stratigraphical Units
D Xiluodu Reservoir Area thl 0,
55 Qal 0,
£ z
Dg i - Qad 0, _:?’
£ - & If
T €, s
Pyx €,
P,p Zbd
Pl [ Zzdn'
e, W Zznkd
0 10 20 D . Zzc
km S I Zch

T T
103°0'E 103°30'E

Figure 2. (a) A map of the Qinghai-Tibetan Plateau; (b) the geographic location, lithology [39], and
landslide distribution of the reservoir area. See Table S1 for the meanings of the abbreviations for

the stratigraphic units.
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In the study area, except for the Carboniferous and Tertiary strata, the stratum rang-
ing from the Precambrian to the Quaternary are all exposed (Figure 2b). Shale, primarily
deposited in the Silurian (S) and Ordovician (O) strata, is the most widely distributed and
covers 37.40% of the study area. Carbonate rock is the second most widespread, covering
27.08% (Table S1). It includes limestone and dolomite of the Upper Permian formation
(P1), the Lower Cambrian formation (€3), and the Sinian system Dengying formation
(Zz2dn, Zbd). And the Sinian system Dengying formation (Zzzdn!, Zbd) is distributed on
both sides of the Daliangshan Fault Zone (DLSF), Erbian-Yanfeng Fault Zone (EB-YFF),
and Lianfeng-Zhaotong Fault Zone (LF-ZTF) (Figure 2b), resulting in a relatively frag-
mented state. Upper Permian Emeishan basalt (P2) accounts for 16.5% of the reservoir
area; it is the main stratum exposed in the dam area and the near-dam reservoir section
(Figure 2b). Quaternary loose deposits account for the smallest area proportion and are
mainly located in outcrops on the left bank of the dam site area and the tail section of the
reservoir.

The tectonics system in the reservoir area is composed of several NNW-trending
faults, including the Mabian—Yanjin Fault Zone (MB-YJF), Zemuhe Fault Zone (ZMHF),
DLSF, and EB-YFF (Figure 1b). MB-YJF exhibits characteristics of left-lateral strike—slip
and compressional thrusting activities in the late Quaternary. The other fault zones are
predominantly characterized by left-lateral strike-slip movements. The NE-trending LF-
ZTF is primarily dominated by compressional activities along with some dextral activity
[40]. Most major earthquakes (Ms = 6.0) occur along the MB-Y]JF (Figure 1b). The reservoir
area is stable with few earthquakes occurring throughout history, but experienced inten-
sive microseismicities after reservoir impoundment on 4 May 2013, with the strongest
earthquake of Ms 5.3 occurring in 2014 within the reservoir area [41].

The Xiluodu reservoir has a well-developed river system with many tributaries. The
Niulan River flows in from the right bank, while the Xisujiao, Meigu, and Xixi Rivers
flowing in from the left bank (Figure 1b). The topography of the reservoir area is influ-
enced by the distribution of these rivers. We divided the slope gradient of the Xiluodu
reservoir area into eight categories with an interval of 10° (Figure S1). The regions with
slope gradients above 60° are mostly distributed along rivers, indicating that the river
erosion has formed steep, deeply cut valley landforms. The categories of 10-20°, 20-30°,
and 30—40° all cover more than 20% of the study area, and the categories of 60-70° and 70—
80° cover less than 1% of the study area. The category of 0-10° is mainly distributed at
higher elevations, indicating the development of high-altitude, low-relief terrain in the
study area, which is most widely distributed close to the dam.

The reservoir area possesses a typical subtropical climate. The rainy season is from
May to October, accounting for 85% to 90% of the total annual precipitation, with an es-
pecially high possibility of heavy rainfall from June to August [42], as shown in Figure 3.
The reservoir underwent two significant impoundments during the rainy season. The first
occurred from May 2013 to November 2013, with the water level rising from 420 m to 560
m. The second event was from June 2014 to September 2014, with the water level increas-
ing from 540 m to 600 m. The reservoir level fluctuated between 540 m and 600 m in the
following years (Figure 3).
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ata and Methodology

3.1. Interpretation of Multi-Temporal Landslides in the Reservoir Area

We chose the visual interpretation method based on multi-temporal optical images
in Google Earth® to establish the multi-temporal landslide database. Other advanced tech-
nologies such as INSAR and LiDAR have significant limitations that made them unsuitable
for this work. InSAR is good for large-scale landslides with long-term slow deformation
[43,44]. However, it is less effective in identifying small reservoir-induced landslides with
rapid deformation. And no SAR data were available for the most critical period (2010.10-
2014.10) for landslide identification in the Xiluodu reservoir area [44]. LIDAR data from

both
offer

before and after impoundment are difficult to acquire. Google Earth® can effectively
multi-temporal imagery from 2010 to 2023, which makes it an effective tool to iden-

tify landslides before and after reservoir impoundment.

M

The steps for establishing a multi-temporal landslide database are as follows:

Define the interpretation range. This study defines the interpretation range as the
side slope between the pre-impoundment river surface (elevation 420 m) and the first
watershed ridge line on both sides. We utilized ArcGIS hydrological analysis tools to
process the ASTER GDEM 30 m resolution elevation data, extracting the watershed
of the study area, as shown by the black boundary in Figure 1. The DEM data were
obtained from the Geospatial Data Cloud site, Computer Network Information Cen-
ter, Chinese Academy of Sciences (http://www.gscloud.cn, accessed on 30 January
2025), and the preprocessing work was also performed using this website.
Preprocess optical images. We used Google Earth imagery and Sentinel-2 satellite
imagery for joint interpretation. Table 1 shows the remote sensing images we used
before and after impoundment. Google Earth imagery requires no preprocessing,
and the data originate from the QuickBird and SPOTS5 satellites. Sentinel-2 images
were downloaded from https://dataspace.copernicus.eu/ (accessed on 30 January
2025), which had undergone radiometric calibration and atmospheric correction.
Therefore, we directly resampled the images using SNAP 11 software, imported
them into ENVI for band fusion, and finally exported them as TIFF files to be im-
ported into ArcGIS for interpretation. Google Earth provides images with the best
observation conditions each year (Table 1), and we complemented this with Sentinel-
2 satellite images taken in clear, cloudless weather (Table 1), ensuring that at least
one image from each source was available annually. To ensure consistency in data
interpretation standards, the initial interpretation in 2021, as well as the verification
and supplementation in 2022 and 2023, were all conducted by the same person.
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Table 1. Remote sensing data used in this study.

Spatial Resolution

Data Type Data Sources Data Acquisition Time (m)

Pre-impoundment Google Earth  2010/2/8, 2010/4/5, 2011/12/6, 2012/11/14,
data images 2013/3/14
2013/5/21, 2013/11/6, 2014/4/30, 2015/1/23,
2015/3/8, 2016/7/20, 2017/8/27, 2017/4/19,
2018/1/24, 2018/3/3, 2019/4/19, 2020/2/5, 0.5-1
2020/3/8, 2020/3/26, 2020/4/8, 2021/3/12,
2022/11/8, 2023/1/11, 2023/2/14, 2023/3/14
2015/12/27, 2016/5/5, 2017/2/19, 2018/3/3,
Sentinel-2 2018/4/2, 2019/4/7, 2020/1/12, 2020/11/17,
images ! 2020/12/27, 2021/3/27, 2022/1/1, 2022/11/27,
2023/1/6, 2023/1/29

! Sentinel-2 images are from https://glovis.usgs.gov/ accessed on 30 January 2025.

0.5-1

Google Earth
images
After-impound-
ment data

(3) Landslide interpretation. The interpretation of reservoir-induced landslides primar-
ily relies on the distinct tonal differences in the images, where the landslide area ap-
pears grayish-white compared to the surrounding environment. The landslide sur-
face is almost devoid of vegetation, with significant surface damage, exposed soil,
rough texture, and an irregular boundary. And we also compared the images before
and after impoundment to determine the distribution of reservoir-induced land-
slides. We determined the point at which the landslide first appeared in the images
as the occurrence time for reservoir-induced landslides. Some of the reservoir-in-
duced landslides expanded continuously after the original generation. For such land-
slides, we considered every expansion as one separate landslide and determined the
occurrence time according to the corresponding expansion time. Taking the Shang-
tianba landslide as an example (the location is shown in Figure 2b), the slope had no
signs of deformation before impoundment (Figure 4a), and an original landslide ini-
tiated in 2014 (Figure 4b), followed by two expansions in 2015 and 2017 (Figure 4c,d).
The two expansions were delineated as landslides occurring in 2015 and 2017, respec-
tively. Finally, we identified a total of 54 landslides from February 2010 to March
2013 and 482 reservoir-induced landslides from May 2013 to January 2023 in the
Xiluodu reservoir area before and after impoundment, as illustrated in Figure 2b.

Pre-impoundment Post-impoundment
2013.5 20144

YV EL.653m
4




Remote Sens. 2025, 17, 569

8 of 27

Post-impoundment 1 i oy Post-impoundment s
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(c) (d)

Figure 4. Multi-temporal images of the Shangtianba landslide. (a) May 2013 before impoundment;
(b) April 2014 after impoundment; (c) December 2015 after impoundment; (d) February 2017 after
impoundment. The white font indicates the image date and the reservoir water level. The yellow
font indicates the elevation of the highest point of the landslide rear edge. The red font indicates the

landslide sliding direction. “EL” represents elevation.

(4) Interpretation result verification. To improve the precision of the inventory from re-
mote sensing interpretation, a detailed geological field investigation lasting for one
week in September 2021 was carried out in the Xiluodu reservoir area. For newly
developed landslides with clear boundaries and significant color differences from the
surrounding environment, we conducted a quick verification along both sides of the
entire reservoir. Then, for five old landslides with unclear boundaries and defor-
mation conditions, we carried out detailed investigations, corrected their boundaries,
and identified the current deformation signs. Photos from the field survey are shown
in Figure S2.

3.2. Estimating the Landslide Erosion Rates for the Xiluodu Reservoir

Landslide erosion rates, which consider both landslide volume and time factors, can
help to assess the response of bank slope destabilization to anthropogenic forcing. We
estimated the landslide erosion rate in the study area using landslide volume. It is difficult
to determine the landslide volume, which requires information about the surface and sub-
surface geometry of the landslide. This information is hard and costly to obtain, especially
when a large number of landslides in an area needed to be investigated [45,46]. Currently,
most studies achieve this by using empirical relationships linking landslide volume to
geometrical measurements, primarily the landslide area [47-50]. In this study, the land-
slide volume is estimated using a volume-area scaling relationship proposed by Simonett
[47], as shown in Equation (1).

V=aAv (1)

where V and A denote the landslide volume and area, respectively, and a and y are power-
law scaling parameters. Guzzetti et al. [49] analyzed the volume-area relationship of 677
landslides worldwide. These landslides originated from diverse terrains and climatic con-
ditions and were triggered by various factors. The study found a consistent relationship
between landslide volume and area, all conforming to the volume—-area empirical equa-
tion. Numerous studies have produced similar results [47,48,51-55], indicating that the
volume-area empirical equation can be applied to landslides of various scales and geo-
logical conditions.
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Since our study focuses on landslides from 2010 to the present, it has been very diffi-
cult to obtain the actual measured volumes of past landslides. So, Equation (1) cannot be
applied for regression analysis. The landslide dataset compiled by Larsen et al. [50] is cur-
rently the most comprehensive statistical database available, with high credibility and ac-
curacy. Considering that the Xiluodu reservoir area mainly features shallow, small-scale
landslides, predominantly rockslides, we selected the parameters o = 0.146 and y = 1.332
from Larsen’s formula [50], derived from a global dataset of 4231 landslides. However,
this method of parameter selection has limitations, as it does not consider changes in the
hydrological conditions of the Xiluodu reservoir area. But we found that the evolutionary
trend was not affected by the size of the parameters. Therefore, the evolution trend of
landslide erosion rates obtained in this study is still credible.

During the landslide interpretation process, certain images were obscured by clouds
and mist, hindering accurate identification of landslides. This led to some uncertainty re-
garding the precise timing of landslide development. To mitigate errors associated with
temporal uncertainty, we took the three years before impoundment as the first interval,
and every two years as intervals after impoundment. Then, we calculated the probability
density p(A) of landslide area A with Equation (2) [56].

1 6N
p(A) = N_r5_A 2)
where Nt is the total number of landslides, A represents any increment in area, and SN
is the number of landslides with areas between A and A + 6A. We divided the landslide
area into 7 intervals: 0-500, 500-1000, 1000-5000, 5000-10,000, 10,000-50,000, 50,000-
100,000, and 100,000-500,000. The corresponding probability densities p(A) for each inter-
val were calculated, and the results are shown in Table S2. The landslide volume of the
ninth to tenth year after impoundment was directly calculated using Equation (1) since
only two landslides occurred.
The landslide probability density—area distributions of five periods fit a three-param-
eter inverse-gamma distribution [56] with Equation (3).

1 a T a
p(A)= M[E} exp [— 1 J 3)

where g, p and s are empirical parameters (Table S3), and I'(p) is the gamma function of p.

The landslide probability density—area distributions are shown in Figure S3, and the R? of
the curve fits are all above 0.9.
Following Malamud et al. [56], we numerically solved for the mean landslide volume
of each period using Equation (4).
I, Amax v
Vv =°°Lm. A" p(A)dA @)

n

The total landslide volume was determined by multiplying the mean landslide vol-
ume by the total number of landslides in each period. Finally, the erosion rate A is given
by Equation (5).

VN,
AT

®)

where A is the drainage area of the Xiluodu reservoir, and T is the time period. In this
study, the pre-impoundment and post-impoundment landslide erosion rates were aver-
aged over three- and two-year periods, respectively.
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4. Results
4.1. The Evolution of Landslide Frequency and Scale

Based on the landslide dataset of the Xiluodu reservoir area, we quantified the land-
slide frequency over six periods by calculating the ratio of landslide numbers in each pe-
riod to the total number of 536 (Figure 5). The horizontal axis represents the duration of
reservoir impoundment, where “0” signifies the three years before impoundment. The
data show that during the initial two years after impoundment, the landslide frequency
significantly increased compared to before impoundment and then decreased annually.
Most landslides occurred within the first four years after impoundment, while within the
ninth to tenth year after impoundment, the landslide frequency was smaller than before
impoundment.

Figure 5 also shows the variation in landslide scale over time, quantified by the aver-
age landslide area. For the pre-impoundment period and the first two years after im-
poundment, we used the total landslide area for calculations. For the other four periods,
we considered only the expanded areas and newly developed landslides. The results
show that during the initial two years after impoundment, the average landslide area in-
creased by approximately two times compared to pre-impoundment. The area continued
to expand from the third to fourth years after impoundment. Then, the landslide scale
decreased continuously from the fifth to sixth years after impoundment, and decreased to
smaller than pre-impoundment in the ninth to tenth years after impoundment.
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Figure 5. The variation in landslide frequency and scale before and after impoundment. ‘a” menas

the unit ‘year’.

4.2. The Evolution of Landslide Erosion Location

To understand the landslide evolution caused by reservoir impoundment, we ana-
lyzed the spatial dispersion or concentration of landslide occurrence. As indicated in Fig-
ure 6, the landslides were distributed in a dispersed scope with a distance reaching 2400
m from the river water surface under natural conditions before impoundment. Compara-
tively, the landslides concentrated 0~200 m above the dead water level after reservoir im-
poundment, including the reservoir water fluctuation zone. Within the initial two years
after impoundment, many landslides occurred under the dead water level, corresponding
to the reservoir inundation zone. The standard deviation was used to analyze the
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dispersion degree of landslide distribution (the dashed line in Figure 6). The results show
that the landslide distribution was more concentrated near the water level after impound-
ment. After experiencing a relatively dispersive occurrence in the first two years due to
the drastic change in hydrological conditions, the landslide distribution became more con-
centrated in the third to fourth years. After that, it began to disperse gradually in the fol-
lowing years, suggesting that the influence of reservoir water fluctuations on landslide
occurrence may tend to diminish, approaching the pre-impoundment condition in the fu-

ture.
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Figure 6. The distance from the river/dead water level of landslides before and after impoundment.

The lower x axis represents the midpoint of the distance interval. ’a’ means the unit ‘year’.

4.3. The Evolution of Erosion-Prone Topography

To describe the landslide incidence in topographic factors (Figure 7), we used the
index of landslide concentration (LC), which is the number of landslide sources per square
kilometer of surface area [57]. Figure 7a shows the relation of landslides and the LC before
and after impoundment with the elevation. Most of the reservoir-induced landslides oc-
curred in the range of 500-900 m, which accounted for 87.3% of the total. According to the
statistical results, landslides before and after impoundment both increase with an increase
in slope elevation until the maximum is reached at 600-700 m and then decrease. LC has
a similar trend and reaches its largest in the elevation category of 600-700 m. The differ-
ence is that landslide sources only appear above 600 m before impoundment, whereas
11.8% of reservoir-induced landslide sources are distributed within the 400-600 m range.
As shown in Figure 3, the 400-600 m range corresponds to the elevation from the Jinsha
River’s water surface before impoundment to the normal impoundment level after im-
poundment. Therefore, reservoir impoundment disturbance may be the reason for land-
slide development in the 400-600 m range.

The relationship between landslides and the corresponding slope gradient categories
was examined, as shown in Figure 7b. Both before and after impoundment, landslides are
predominantly concentrated in the range of 20-50°, accounting for 88% and 80% of the
total, respectively. Due to the limited area larger than 60°, only a small number of land-
slides occurred there. The LC after impoundment follows the fitting function F = 0.29 -
0.24 * e260x10"-62"374 with R2 = (0.99 with changes in slope gradient, gradually increasing
with the slope and slightly decreasing when the slope exceeds 50°.
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Figure 7. Landslide distribution with topographic factors. (a) Relation between landslides and ele-

vation; (b) relation between landslides and slope gradient.

4.4. The Evolution of the Erosion-Prone Stratum

Lithology is an important factor controlling the distribution of landslides. Figure 8
shows the relationship between landslides and the strata. The results indicate that the Sin-
ian system Dengying formation (Zzzdn'!, Zbd) has the highest LC before and after im-
poundment, with the main lithology being fragmented dolomite (Table S1). The landslide
occurrence after impoundment of the lower Permian (P1), Silurian (S), Ordovician (O),
Cambrian (€), and the Sinian system Chengjiang formation (Zzic) all increase compared
to before impoundment. These strata have weak lithology or weak interlayers, dominated
by shale, mudstone, siltstone, etc. (Table S1), whose strength is susceptible to degradation

when exposed to water.
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Figure 8. Landslide density in different strata (rock type; see Table S1) before and after impoundment.

4.5. The Evolution of Landslide Erosion Rate

Compared to analyzing landslide numbers, landslide erosion rates consider both
landslide volume and time factors, providing a more accurate assessment of bank slope
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destabilization in response to reservoir impounding disturbance. Figure 9 shows the land-
slide erosion rates before and after impoundment. The results illustrate that the landslide
erosion rate was 0.44 mm/a before impoundment and 5.16 mm/a in the initial two years
after impoundment, representing a twelvefold increase. Within the third to tenth years
after impoundment, the landslide erosion rate decreased over time. And especially during
the ninth to tenth years after impoundment, the landslide erosion rate was lower than it
was before impoundment. This means that the bank slopes reached a more stable state
after impoundment than before impoundment. To further demonstrate this result, we fit-
ted the landslide erosion rate after impoundment with the duration of reservoir impound-
ment. The fitting formula is y = 10.17e-03%, with R2=0.98, and the 95% confidence intervals
for the parameters are [7.51, 12.83] and [-0.43, —0.26], respectively. The negative exponen-
tial distribution suggests that the landslide erosion rate will continue to decrease, which
implies that the bank slopes in the Xiluodu reservoir area will be more stable than before
impoundment in the future.
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Figure 9. The variation in landslide erosion rate over time. The red arrow indicates the time when

the reservoir began impoundment.

5. Discussion
5.1. The Long-Term Evolution Trend of Reservoir-Induced Landslide Erosion

To further explore the evolution trend, we interpreted the reservoir-induced land-
slides in the Liyuan Reservoir of the Jinsha River using multi-temporal images. The Li-
yuan Reservoir is in the midstream of the Jinsha River (Figure 10) and began impound-
ment in 2014. It has now been impounded for ten years. The landslides interpreted in this
reservoir are concentrated between 2014 and 2016, with a total of 63 landslides. After 2016,
no further reservoir-induced landslides developed. This indicates that the initial two years
of impoundment represent the peak period for reservoir-induced landslides in the Liyuan
Reservoir. Currently, the slopes appear to have stabilized, consistent with the pattern ob-
served in the Xiluodu reservoir area.
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Figure 10. The distribution of reservoir-induced landslides in the Baihetan and Liyuan reservoirs.

In addition to the reservoirs in the Jinsha River, we examined existing reports about
the temporal evolution of reservoir-induced landslides in other reservoirs, including Roo-
sevelt Lake [2], the Huanglongtan Reservoir [18], the Three Gorges Reservoir [21], and 60
published cases [19]. When comparing these global cases, we considered the differences
in geological, hydrological, and operational conditions that may influence landslide be-
havior. Geologically, the landslide-prone strata in the Three Gorges and Xiluodu reservoir
areas predominantly consist of weak or weakly bedded rock formations. In contrast, land-
slides in the Huanglongtan Reservoir are mainly found in strata with well-developed rock
schistosity and Quaternary loose deposits. Roosevelt Lake’s landslides mainly occur in
relatively unconsolidated Pleistocene glaciofluvial deposits. Across all these reservoir ar-
eas, the landslide-prone strata share a common characteristic: they are water-sensitive
weak layers. Hydrologically and operationally, the Three Gorges Reservoir took six years
to reach its normal water level, experiencing three significant phases of water level rise:
75 m, 21 m, and 30 m. After reaching its normal operation, the water level fluctuated by
about 30 m. The Huanglongtan Reservoir took approximately three years to reach its nor-
mal water level, with water level fluctuations between 20 m and 27 m. The Xiluodu reser-
voir reached its normal impoundment level in about two years, with two significant water
level rises of 140 m and 60 m, and fluctuations of up to 60 m. Due to differences in reservoir
scale and water level fluctuations, the number of landslides triggered during impound-
ment to the normal water level varies significantly: 402 in the Three Gorges Reservoir, 225
in the Xiluodu reservoir, and only 28 in the Huanglongtan Reservoir. We plotted the var-
iation in landslide frequency relative to the duration of reservoir impoundment for these
reservoirs in Figure 11a. The plot shows that the reservoir-induced landslides mainly oc-
curred during the impoundment stage despite differences in scale, water fluctuations, and
geological conditions. Although numerous landslides are triggered again by heavy rain
or a sharp drop in the reservoir water level, the overall trend indicates a gradual decrease
in landslide frequency.
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When all reservoir-induced landslide data were plotted on the same x-axis (Figure
11b), we observed that all the reservoirs tended to stabilize after about five years of reser-
voir impoundment. In the Three Gorges Reservoir, a significant fluctuation in the number
of landslides occurred in the sixth year due to the multi-stage impoundment approach,
but the bank slope quickly stabilized afterward. In the Huanglongtan Reservoir area, the
number of landslides that developed in the tenth year after impoundment exceeded the
number during the initial impoundment stages, primarily influenced by prolonged and

heavy rainfall events.
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Figure 11. The relationship between the frequency of reservoir-induced landslides and the duration
of impoundment. (a) The data are plotted separately for Roosevelt lake [2], Huanglongtan [18], 60
Reservoirs [19], Three Gorges and Xiluodu Reservoir. The text in the figure explains the reasons for
the relatively high occurrence of landslides during the corresponding period. (b) All reservoirs use

the same x-axis.
Compared to existing research, our study not only analyzed the variation in landslide

frequency (Figure 5) with the duration of reservoir impoundment, but also examined the
changes in landslide magnitude (Figure 5) and spatial distribution (Figure 6) over time.

These results demonstrate the gradual stabilization of bank slopes and provide more evi-
dence to corroborate temporal evolution trends. However, our method was limited to
identifying landslides with obvious deformation signs and failed to capture the evolution-
ary trends of slopes with long-term slow deformation. According to existing studies, the
long-term evolutionary trends of slowly deforming slopes align with our observed pat-
terns. Li et al. [44] used InSAR to monitor unstable slopes before and after the
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impoundment of the Xiluodu reservoir. The results showed that 143 unstable slopes (94%
of the total slopes) occurred during the first three years after reservoir impoundment.
From October 2016 to October 2018, only 9 unstable slopes occurred, and no new unstable
slopes have occurred since October 2018.

This study interpreted landslides newly developed three years prior to impound-
ment and calculated the pre-impoundment landslide erosion rates, establishing a baseline
for assessing post-impoundment erosion levels. By comparing the landslide erosion rate
before and after reservoir impoundment (Figure 9), we can predict the long-term evolu-
tion of bank slope stability. The results indicate that the Xiluodu bank slope will be more
stable in the future than it was before reservoir impoundment. In other words, reservoir
construction is beneficial to bank slope stability in the long run.

5.2. The Identification of Reservoir-Induced Landslide Erosion Process

Based on the spatiotemporal distribution and evolution of reservoir-induced land-
slide erosion rates, along with field monitoring data from individual case studies, we di-
vided the deformation of the reservoir bank slope into three stages.

5.2.1. The Period of Concentrated Landslide Outbreaks: The First Stage Is the Period of
Reservoir Impoundment to the Normal Impoundment Level (Within About Two Years)

During this stage, the landslide erosion rate increased dramatically (Figure 9), likely
due to reservoir inundation. For instance, the Shangtianba landslide in the Xiluodu reser-
voir area showed no signs of deformation before impoundment (Figure 4a), but small-
scale bank collapses occurred after the water level rose to 560 m (Figures 4b and 12a). The
initial rise in reservoir level triggered the reactivation of the Niulanjiang [58] and
Yulinerzu landslides [59] (Figure 12a). During the initial impoundment stage, the
Maoping landslide developed many cracks and settlement at the front (Figure 12b) [8].
Moreover, the deformation of the Guobu slope also showed a positive correlation with
reservoir water levels (Figure 12c) [13].

The impact of reservoir inundation on bank slope stability can be primarily attributed
to two factors. The first is the effect of reservoir inundation on the mechanical properties
of materials. The increase in water content will decrease the cohesion and internal friction
angle of the rock and soil mass [8,60-62], thereby reducing the shear strength of the slope.
As aresult, strata with fractured rocks, weak lithology, or weak interlayers are more prone
to landslides after reservoir impoundment (Figure 8). The second is the hydraulic effects
of reservoir inundation, including the floating effect and the seepage pressure effect. The
floating effect occurs as the reservoir water level rises, the submerged volume of the slope
increases, and the water exerts an upward buoyant force on the landslide body. This re-
duces effective stress, thereby decreasing the shear strength of the slope, as shown by the
Mobhr circle in Figure 13a. The seepage pressure effect means that during a rapid rise in
water level, a hydraulic head difference is formed between the inside and outside of the
slope (Figure 13a), thereby generating inward seepage pressure on the slope. This can
improve the bank slope stability, mainly for weak permeability slopes. It should be noted
that the permeability and hydrogeological structure of the slope can influence hydraulic
effects [63]. For example, the slide mass of the Yulinerzu landslide [59] in the Xiluodu
reservoir area has a high permeability coefficient. When the reservoir water level changes,
the groundwater level within the landslide body synchronizes with the reservoir level. At
this time, the adverse impact of the floating effect is more significant than the beneficial
impact of the seepage pressure effect. The Xingguangsanzu (XGSZ) toppling instability is
caused by an underdip bedding rock slope [64], and the Yanwan (YW) toppling instability
is caused by an anti-dip bedding rock slope in the Xiluodu reservoir area [65]. Their geo-
logical conditions are essentially the same, but differences in slope structure led to
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variations in permeability, resulting in different degrees and modes of deformation. XGSZ
shows a large permeability difference between the front and rear edges. It causes the seep-
age and floating effects induced by reservoir water level changes to concentrate mainly in
the lower part of the slope, leading to a higher deformation rate in that area. In contrast,
YW has a minimal permeability difference between the front and back edges, and the fault
zone in the middle of the slope has strong hydraulic conductivity. This feature allows the
hydraulic effects to significantly influence the entire slope. This causes the deformation

mode of XGSZ to be retrogressive, while that of YW is progressive.

During the initial impoundment stage, reservoir inundation primarily triggered new
small-scale landslides and reactivated old ones, and may have contributed to the for-
mation of tension cracks at the top of the slopes (Figure 13a). Precipitation is primarily
discharged through surface runoff due to the limited number and size of cracks on the

slope, and thus, is not the main trigger of bank slope failure.

Reservoir water level [JI) Daily rainfall —s— EJ§ —s— EJ15—s— EJ13 —— EJ9—e—EJ10
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Figure 12. Comparison between landslide deformation, rainfall, and reservoir level. (a) Shangtianba,
Niulanjiang [58], and Yulinerzu landslides [59] of Xiluodu reservoir area, and the arrows indicate
the direction of the landslide movement.; (b) Maoping landslide of Geheyan reservoir of Qingjiang
River, Hubei Province, China (adapted from Qi et al. [8]), and the red arrows indicate the rise and
fall of the water level; (c) Guobu slope of Laxiwa reservoir in Qinghai, China (adapted from Shi et
al. [13]).
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Figure 13. A reservoir-induced landslide expansion pattern diagram. (a) The collapse of the foot of
the slope in the initial impounding stage, and a schematic diagram and Mohr circle of the change in
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stress after impoundment; (b) rainfall infiltration into the cracks; (c) the retreat of the landslide
boundary under the combined effect of reservoir water fluctuations and rainfall; (d) landslide accu-

mulation on the foot of the bank slope.

5.2.2. Landslide Development Slowing Phase: The Second Stage Is the First Few Years of
Stable Reservoir Operation, Approximately the Third to Fourth Years After
Impoundment

In this stage, the reservoir entered the stable operation phase. The two major defor-
mations of the Maoping landslide in the second stage occurred after the water level draw-
down and following heavy rainfall, respectively (Figure 12b). This suggests that the com-
bined effect of water level fluctuations and precipitation became the dominant controlling
factor in this stage. Previous studies have shown that the impact of sudden water level
drawdowns [8,66,67] and extreme rainfall is particularly significant. When the water level
rapidly and significantly decreases, the delayed change in pore pressure within the slope
can lead to a short-term increase in the hydraulic gradient [68-70], resulting in seepage
outwards from the slope (Figure 13b), consequently increasing the sliding force. Addi-
tionally, it has been found that the mechanical properties of landslides change signifi-
cantly with an increasing number of reservoir water level cycles. Model test results from
Wau et al. [71] show that as the number of reservoir water level cycles increases, the pore
water pressure and soil pressure in the reservoir landslide exhibit an oscillating increase.
The accumulation of pore water pressure during each cycle continuously enhances the
buoyancy effect on the slope, thereby reducing the effective stress. As a result, the sliding
force increases, and the resisting force decreases, causing a reduction in landslide stability
with the increasing number of water level cycles. Meanwhile, water level fluctuations cre-
ate a dry-wet cycling zone at the slope’s front edge, significantly weakening the rock and
soil mass strength of the slope [72]. A numerical simulation by Zhang et al. [73] showed
that with thane increasing number of dry-wet cycles, the landslide safety factor gradually
decreases, especially showing a significant reduction during the first five cycles. Accord-
ing to these studies, water level fluctuations mainly affect the submerged area at the
slope’s front edge [9,72,74,75]. Following the initial toe collapse of the first stage (Figure
13a), water level fluctuations cause more unstable rock and soil deposits in the valley,
gradually impacting the upper slope and showing a typical retrogressive failure process
(Figure 13b—d). Large-scale model tests simulating a loose sandy silt slope also show that,
under the influence of water level fluctuations, the landslide deformation mode is charac-
terized by multiple retrogressive rotational slides [68].

Apart from water level fluctuations, precipitation is also an important triggering fac-
tor for landslide deformation at this stage, with its impact primarily reflected in two as-
pects. Firstly, rainfall infiltration affects the mechanical properties of the soil and rock
mass, increasing the water content in the slope and thereby reducing its shear strength.
Secondly, precipitation infiltrates the slide mass through surface cracks, generating high
pore pressure, which increases the sliding force and decreases the mechanical strength of
the rock and soil mass of the slope [8]. Existing studies indicate that the intensity and
duration of rainfall, along with the slope’s permeability, together determine its impact on
landslide deformation. High-intensity short-duration rainfall is more likely to trigger sud-
den landslide movement [76,77]. It rapidly infiltrates the surface layer of the slope and
leads to a significant increase in pore water pressure in a short time [72]. This is more
likely to cause shallow sliding, especially in low-permeability slopes [78]. Alternatively,
long-duration low-intensity rainfall gradually infiltrates deeper into the landslide, accu-
mulating deep-seated pore water pressure over time. This cumulative effect may trigger
delayed deep-seated landslide instability after the rainfall ends, with the lag effect being
particularly pronounced in low-permeability slopes [77].
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The combined effects of water level fluctuations and rainfall accelerate and intensify
slope instability. For example, the initial reservoir impoundment and water level fluctua-
tions promoted the development of slope cracks, increasing slope permeability and mak-
ing rainfall infiltration easier (Figure 13b). The combined effects of water level drawdown
and rainfall enhance the lag effect of pore water pressure changes within the slope, leading
to more intense fluctuations in pore water pressure both inside and outside the slope,
thereby increasing slope instability. Additionally, the coupling of these two factors makes
the deformation pattern of the bank slope more complex. Numerical simulation results
show that rainfall induced progressive instability in the upper slope, while water level
fluctuations triggered retrogressive collapse at the slope toe, resulting in a forward-pull-
ing effect [9,72,74,75].

Due to the landslides and cracks that occurred during the first stage, the slope stabil-
ity was reduced, leading to relatively severe landslide erosion under the combined influ-
ence of reservoir water fluctuations and rainfall during the first few years of stable reser-
voir operation. However, with the cyclical water level fluctuations and repeated rainfall,
the slope has gradually adapted to these environmental changes, resulting in increased
stability. For instance, as the number of water level cycles increases, the deformation of
the Yulinerzu landslide during water level drawdown becomes progressively smaller
(Figure 12a). Consequently, the severity of landslide erosion has shown a decreasing trend
compared to the first stage (Figure 9).

5.2.3. The Period of Landslide Development Tending to Stabilize: The Third Stage Is Af-
ter About Five Years of Reservoir Impoundment, During Which Rainfall Gradually Be-
comes the Primary Controlling Factor

In the third stage, the variation in regional landslide erosion (Figure 9) and individual
landslide deformation (Figure 12) over time shows that the bank slope stability at this
stage reached a more stable state compared to the previous two stages. The slope gradu-
ally adapted to the hydrologic environment characterized by cyclical fluctuations in water
level. However, landslide deformation fluctuated slightly during the rainy seasons, such
as the deformation in 1999 at the Maoping landslide (Figure 12b) and from 2016 to 2019 at
the Guobo slope (Figure 12c). This indicates that rainfall, especially extreme rainfall, has
become the primary controlling factor.

Under the combined influence of rainfall and water level fluctuations in the first two
stages, the movement of some reactivated landslide masses undergoes a self-stabilizing
process as displacement accumulates. Existing studies [15,59] conceptualize the reac-
tivated landslide mass as two blocks: an upper block with a steeper sliding surface and a
lower block with a gentler sliding surface. The rainfall induces back-pushing of the upper
block and the reservoir induces fore-pulling of the lower block [9,74]. Therefore, the un-
stable upper block of the landslide gradually shifts downward, reducing its weight. Mean-
while, the mass of the lower block increases, anchoring it more securely to the gentler
sliding surface. This mass transfer results in a redistribution of gravitational forces, im-
proving overall stability. Obviously, this deformation mode is more suitable for landslides
with chair-shaped sliding surfaces or arc sliding surfaces. Evidence from other studies
indicates that the toppling deformations in the study area also tend to stabilize during this
stage [64]. Significant increases in the deformation of the XGSZ and YW toppling instabil-
ities occurred within the first five years after reservoir impoundment. Five years later, the
deformations of XGSZ and YW formed a relatively balanced confrontation environment
with water-level fluctuations. However, the stability mechanisms for toppling defor-
mations and other types of landslides still require further research. It is speculated that
the combined disturbances from reservoir impoundment, water level fluctuations, and
rainfall caused instability in the bank slope, reducing its potential energy. Meanwhile,
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landslide debris accumulating at the foot of the slope (Figure 13d) increases pressure on
the slope surface at the slope foot, enhancing its resistance to sliding. Therefore, the land-
slide erosion rate decreased at this stage (Figure 9).

Figure 9 shows that the landslide erosion rate in the ninth to tenth years is lower than
before impoundment, indicating that the bank slopes have become more stable than they
were before impoundment. This trend is due to changes in the factors triggering land-
slides before and after impoundment. Before reservoir impoundment, river incision and
rainfall are the main controlling factors for landslide erosion. After impoundment, the
bank slope stability is no longer affected by river incision. In the first period of reservoir
impoundment to the normal impoundment level (generally within about two years), res-
ervoir inundation is the main cause of landslide erosion. In the second stage, during the
first few years of stable reservoir operation, reservoir water level fluctuations and rainfall
become the main factors in landslide erosion. In the third phase, rainfall gradually be-
comes the primary controlling factor in landslide erosion. Due to the continuous deposi-
tion at the foot of the slope from landslide erosion, along with the accumulation of sedi-
ment resulting from the weakening of hydrodynamic forces in the reservoir, the bank
slopes become more and more stable, and the landslide erosion rate is even lower than
that before impoundment.

It should be noted that extreme rainfall or rapid water level decline can still trigger
sudden instability in bank slopes. In particular, the frequency of extreme rainfall events
has increased globally in recent years (especially for sub-daily extreme rainfall) [79]. For
the Jinsha River Basin, the extreme precipitation indices showed a continuous increasing
trend from 1961 to 2020 [80]. The variation rates of Rxlday (annual maximum 1-day pre-
cipitation), Rx5day (annual maximum 5-day precipitation), and R99p (annual total pre-
cipitation when daily precipitation is >99th percentile) were 1.12 mm, 1.21 mm, and 5.87
mm per decade, respectively. From the late 2000s to the late 2010s, these indices exhibited
significant fluctuation and an increasing trend. After the abrupt change, the values of
Rxlday, Rx5day, and R99p were 58.61 mm/a, 112.73 mm/a, and 93.91 mm/a, respectively,
which were 7.4%, 5.7%, and 33.4% higher than before the abrupt change. This indicates
that in the past 10 years, extreme precipitation events have been more frequent and in-
tense than during the 1961 to 2000 period. Kaczmarek et al. [16] studied the displacement
changes in the Central Landslide in the Wioctawek Reservoir over 40 years after impound-
ment. They found that even after 40 years of impoundment, the landslide still exhibited
significant deformation due to extreme rainfall. Based on this, it can be inferred that even
if the bank slopes have stabilized after 10 years of impoundment, landslide erosion may
still intensify in the future due to increased frequency and intensity of extreme rainfall.
Landslides initially controlled by reservoir water levels may become increasingly suscep-
tible to precipitation impacts [14]. Therefore, disaster prevention and mitigation remain
essential even for long-term-operating reservoirs.

Building on the above pattern, we predicted the evolution trend of bank slope stabil-
ity in the Baihetan Reservoir area. Located upstream of the Xiluodu reservoir (Figure 10),
the Baihetan Reservoir began impounding in April 2021, reaching a dead water level of
765 m by June. By October 2022, it had reached the normal reservoir level of 825 m. Since
then, the reservoir has entered a stable operation phase, with water levels fluctuating be-
tween 765 m and 825 m. In this study, a total of 633 landslides were interpreted from April
2021 to March 2024 (Figure 10). Among them, 594 landslides occurred during the first two
years after impoundment, accounting for 93.8%. The number of reservoir-induced land-
slides significantly decreased in the third year after impoundment, with only 39 landslides
observed. Based on the three stages we defined, the Baihetan Reservoir area is currently
in the second stage, where it is jointly controlled by water level fluctuations and rainfall.
Landslide erosion has weakened compared to the first stage, and the bank slopes have



Remote Sens. 2025, 17, 569

22 of 27

started to stabilize. However, during this stage, the bank slopes are still significantly af-
fected by water level fluctuations and rainfall, and a certain number of disasters may still
occur. Therefore, monitoring bank slope stability is essential, especially during extreme
rainfall events. The monitoring range can be concentrated on steep slopes, weak geologi-
cal tectonic zones, lithologically weak areas, and the reservoir water fluctuation zone. It is
recommended to manage reservoir water levels through multiple small-scale adjust-
ments, gradually raising and lowering the levels.

This study identifies the long-term trends in bank slope stability in reservoir areas,
confirming that reservoir impoundment contributes to the long-term stability of bank
slopes. Although our theoretical analysis highlights the impact of pore water pressure
changes and reservoir water level fluctuations, relying solely on the regression analysis of
existing landslide data is insufficient to uncover the underlying mechanical processes.
Therefore, we plan to use physical model experiments or numerical simulations at the
reservoir scale to comprehensively investigate the long-term evolutionary mechanisms of
bank slope stability. In addition, while visual assessment is a well-established method for
multi-temporal landslide mapping, it is inherently subjective and labor-intensive. For
multi-temporal landslide detection, previous research [23,81-84] has employed various
(semi-)automated tools based on optical satellite time series, such as the combination of
machine learning-based classification and object-based image analysis (OBIA) [84]. These
methods have shown high accuracy in identifying natural disasters triggered by earth-
quakes or heavy rainfall. But there has been no automated detection research specifically
targeting multi-temporal reservoir-induced landslides. These methods are mostly based
on vegetation cover changes for multi-temporal landslide detection. The landslides we
identified are relatively small in scale, and their vegetation cover characteristics are hard
to distinguish from the soil loss area within the hydro-fluctuation belt of the reservoir.
Therefore, existing automated methods may have larger errors in interpreting reservoir-
induced landslides. Nevertheless, automated detection methods can eliminate subjectiv-
ity in landslide interpretation. In future research, we will further explore the application
of these methods and attempt to combine them with visual interpretation to improve the
efficiency, accuracy, and robustness of landslide detection. Furthermore, the use of annual
observations may result in overlooking shorter-term events or rapid slope deformations
triggered by extreme weather. To address this, we plan to enhance the temporal resolution
of the data to better capture the dynamic evolution of landslides.

6. Conclusions

In this paper, a total of 54 landslides in the three years before impoundment and 482
reservoir-induced landslides in the ten years after impoundment were identified in the
Xiluodu reservoir area through multi-temporal image interpretation. We compared the
evolution of landslide frequency, magnitude, spatial distribution, and erosion rate before
and after impoundment to clarify the long-term evolution trend of reservoir-induced
landslide erosion. Then, by combining the deformation process of typical reservoir-in-
duced landslides, we divided the evolution trend into three stages based on changes in
landslide-triggering factors. We attempted to answer whether the impact of reservoirs on
the natural environment is positive or negative. The following conclusions were reached.

(1) Most landslides are triggered within about four years after impoundment and are
mainly concentrated in the reservoir inundation zone, water fluctuation zone, and strata
with fragmented and weak lithology. Reservoir-induced landslides are prone to occurring
in areas with elevations between 500 and 900 m and slopes of 20-50°. After five years of
impoundment, the change in landslide magnitude and the dispersion of landslide distri-
bution reflect the gradual stabilization of bank slopes and the weakening of reservoir im-
pacts. The landslide erosion rate increases sharply during the initial impoundment period
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after impoundment and decreases following a negative exponent relation with increasing
impoundment duration, gradually becoming closer to or even lower than before im-
poundment.

(2) The three stages of the evolution of reservoir bank slope stability are identified.
The first stage is the initial impounding period (about two years), which is characterized
by small landslides that occur as a result of reducing the shear strength of the bank slope;
the second stage is the first few years of stable reservoir operation (approximately the
third to fourth year after impoundment), and in this stage, rainfall and reservoir water
fluctuations are the main causes of landslide occurrence as they influence the pore water
pressure of the bank slope; the third stage is after five years of reservoir impoundment,
where the influence of reservoir water fluctuations gradually weakens, and rainfall grad-
ually becomes the primary controlling factor.

(3) Most of the bank slopes worldwide seem to be gradually stabilized in the third
stage, with little relation to the scale and geological setting of reservoirs. Even though fur-
ther evidence is still needed, this study determines that the operation of reservoirs tends
to contribute to bank stability and the geoenvironment in the long run, even in a vulnera-
ble active orogenic belt such as the Hengduan Mountain region.
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