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Abstract: This study focuses on the Kuibyshev reservoir (Volga River basin, Russia)—the largest in
Eurasia and the third in the world by area (6150 km2). The objective of this paper is to quantitatively
assess the dynamics of reservoir bank landslides and shoreline abrasion at active zones based on the
integrated use of modern instrumental methods (i.e., terrestrial laser scanning—TLS, unmanned aerial
vehicle—UAV, and a global navigation satellite system—GNSS) and GIS analysis of historical imagery.
A methodology for the application of different methods of instrumental assessment of abrasion and
landslide processes is developed. Different approaches are used to assess the intensity of landslide
and abrasion processes: the specific volume and material loss index, the planar displacement of
the bank scarp, and the planar-altitude analysis of displaced soil material based on the analysis of
slope profiles. Historical shoreline position (1958, 1985, and 1987) was obtained from archival aerial
photo data, whereas data for 1975, 1993, 2010, 2011, and 2012 were obtained from high-resolution
satellite image interpretation. Field surveys of the geomorphic processes from 2002, 2003, 2005, 2006,
2014 were carried out using Trimble M3 and Trimble VX total stations; in 2012–2014 and 2019 TLS
and UAV surveys were made, respectively. The monitoring of landslide processes showed that the
rate of volumetric changes at Site 1 remained rather stable during the measurement period with net
material losses of 0.03–0.04 m−3 m−2 yr−1. The most significant contribution to the average annual
value of the material loss was snowmelt runoff. The landslide scarp retreat rate at Site 2 showed a
steady decreasing trend, due to partial overgrowth of the landslide accumulation zone resulting in
its relative stabilization. The average long-term landslide scarp retreat rate is—2.3 m yr−1. In 2019
earthworks for landscaping at this site have reduced the landslide intensity by more than 2.5 times
to—0.84 m yr−1.

Keywords: bank erosion; landslide; aerial and satellite images; historical maps; TLS; UAV; Volga

1. Introduction

Creating reservoirs is known to develop and support several industries: i.e., electricity,
agriculture, water transport, fisheries, recreation, and tourism. At the same time, their
creation leads to a fundamental restructuring of natural systems: river water flow and
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regime, bedload, and suspended sediment yield are changed, a unique microclimate is
created and landscapes are transformed [1–4]. The intensity of exogenous processes acting
on the shore and banks increases by orders of magnitude due to the water surface area
increase. This very complex relief-forming process (together with erosion and gravitational
processes) is often called bank transformation when dealing with water reservoirs. Among
all modified shores of water reservoirs in Russia, approximately 78% are destroyed by abra-
sion type, and the remaining 22%—by abrasion-landslide, abrasion-karst, and other types
of erosion processes [5,6]. When the banks are destroyed, a large sediment volume enters
the reservoir. This leads to rapid siltation, reduction of water depths, and environmental
degradation of the reservoir.

Exogenous geomorphic processes and their monitoring on the shores of water reser-
voirs have long been conducted [7]. A large number of different research methods have
been used for this purpose [8]. Most often, the shoreline bank dynamics are evaluated, and
there is limited quantitative data on the different exogenous processes, their intensity, and
the particularities of soil transport on slopes. This is mainly due to poor field accessibility
for making observations at the shoreline banks and for installing a reference point network
(steep banks, high water level near the shore, bank collapse, crumbling, and landsliding).
New opportunities for assessing the rate of shoreline modification by exogenous processes,
particularly for shoreline areas that previously were difficult to access have emerged with
the use of multi-source data (laser scanners, UAVs, remote sensing, etc.). Simultaneously,
a large diversity of water reservoir types and natural-anthropogenic conditions shaping
their banks has resulted in a specific spectrum of exogenic processes. This makes data
generalization and spatial extrapolation difficult.

The objective of this study is to better understand the shoreline and bank dynamics
of the Kuibyshev reservoir—one of the largest reservoirs in the world. Research focuses
on shoreline abrasion and landslide processes as the most significant exogenous natural
hazards of bank modification. Attention to these processes has increased because a signifi-
cant number of settlements, religious buildings, cattle burial grounds, and infrastructure
(oil and gas pipelines, roads, power lines, etc.) are located on the reservoir shores. The
shoreline abrasion and landslide processes on the banks near settlements often lead to
emergencies: i.e., destruction of buildings, infrastructures, communications, disturbance,
and total loss of (agricultural) lands bordering the reservoir. Shore transformation pro-
cesses are still going on at a high rate even though the engineering project predicted the
attenuation of these processes in 20 years after the reservoir creation. In this connection, it
is necessary to monitor these dangerous exogenous geomorphic processes. The objective
of this study is therefore to assess quantitatively the rates of shoreline abrasion and land-
slide deformation rates using an integrated approach that involves different monitoring
techniques. The study sites for shoreline process dynamics were selected by the Ministry
of Natural Resources and Ecology of the Russian Federation and the Federal Agency for
Water Resources. These government agencies identified areas of the Kuibyshev reservoir
banks with the most significant exogenous natural hazards for human settlements and
infrastructure.

1.1. Research Methods for Landslide Processes

At present, there is a large spectrum of methods for monitoring and estimation the
intensity of exogenous processes [5,9–14]. These mainly consist of collecting instrumental
topographic surveys and remote sensing data, allowing the study of slope processes
over several decades. In order to assess the rates of geomorphic processes occurring
on the reservoir shores, this study applied alongside traditional methods (topographic
field surveys) a set of modern methods: i.e., terrestrial laser scanning (TLS), unmanned
aerial vehicle UAV, remote sensing, and a global navigation satellite system (GNSS). These
techniques allow a quick recording with high accuracy for determining the shore process
rates and displaced material volumes by landslides [15]. After a critical evaluation of the
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various methods and a description of the study area, we report on the methods applied in
this study.

1.1.1. Traditional Geodetic Methods for Studying Landslide Processes

One of the most widely used and well-known landslide processes monitoring method
is the ground survey with total stations and GNSS receivers. This approach is useful for
accurately measuring the position of individual points in the field. The use of traditional
theodolite and total station measurements can achieve millimeter-scale errors when deter-
mining point coordinates [9]. Total stations have been used to create a field of points with
the subsequent creation of a digital model of the landslide morphology [10] and to monitor
the landslide movement [16]. Generally, a relative coordinate system is used for the survey
which creates a problem when comparing such data with geo-referenced data sources. It
is therefore necessary to recalculate the position of the field points to allow plotting these
into the global coordinate system by the specific position of the reference points [13].

The use of permanent control points allows measuring the dynamics of the landslide
process with millimeter-scale accuracy. Similar error rates are provided by permanent
robotic geodetic control systems on sites with high landslide process dynamics or special
hazards to human life or buildings and structures [17]. The advantage of this surveying
method is its high accuracy. The disadvantage is that the surveys take a long time; therefore,
a limited number of points located in accessible places are selected. The development
of TLS, UAVs, allowing to take large amounts of data in a short time, precisely and in
detail describing the surveyed surface, makes the classical topographic survey an outdated
approach [18].

Limited control of processes operating within the landslides and the displaced ground
masses are the most significant disadvantages of traditional approaches. None of these
methods provides comprehensive information on quantitative characteristics and mech-
anisms of erosion processes on slopes. Thus, the most effective methods for studying
inaccessible slopes with landslides are the repeated morphological surveys with accurate
referencing of multi-temporal data.

1.1.2. Ground-Based Laser Scanning

High accuracy and density of point clouds obtained with ground-based scanning
permits the obtaining of highly detailed models of local landslide areas [11]. Compared
with traditional methods (aerial photography interpretation, ground photogrammetric
survey, field studies), laser scanning has several advantages. These include the possibility of
studying even small landslides (up to several m2) and landslide bodies of different ages [19]
and investigating dangerous or inaccessible areas with direct topographic measurements.
Very precise results make it possible to estimate the intensity of slope processes and estimate
the age of landslide bodies [20,21], to build detailed three-dimensional models and evaluate
the slope stability [22].

Laser survey technologies are often used to solve practical problems. For example,
for monitoring of landslides that threaten the safe use of transport infrastructure. Various
techniques have been used for such monitoring, in particular, the “Stop and Go” approach,
which involves the installation of a scanner on a mobile platform [23] or the technique of
spatial data referencing, based on the weighted transformation of parameters to obtain
more accurate data [24].

One of the essential uses of ground-based laser scanning is to study the dynamics
of slope processes. Morphometric and structural analysis of multi-temporal TLS data
allows obtaining spatially distributed characteristics of velocity, direction, and volume
of slope-displaced material [25,26]. The study of relief dynamics requires repeated mea-
surements of the object under study and their comparison with previous data, which
requires geodetically accurate referencing provided by modern ground-based laser scan-
ning technologies [27,28]. To achieve high accuracy of multitemporal scans adjustments
different approaches have been applied: least-squares [29], Iterative Closest Point (ICP) [30]
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differential global positioning system (DGPS) [31], relative coordinate system [32–34]. One
centimeter is an acceptable error for studying landslide processes due to the large volume
changes occurring on the affected slopes [35].

The need to survey from several positions to provide full coverage of the slope surface
is one of the disadvantages of ground laser scanning when studying landslide processes
on the nearshore slopes. In the case of the small beach width, this is difficult and often
impossible. Given the inaccessibility of bank slopes, more convenient survey methods are
used, such as mobile laser scanning from a ship, which allows studying extended areas
from the water at small waves [32]. A combination of high-resolution remote sensing data
and several ground-based methods (Ground-Based Interferometric Synthetic Aperture
Radar, TLS, and InfraRed Thermography) is effective as part of long-term monitoring and
emergency management [15].

Studies of landslides near water bodies are mainly carried out on the coasts of seas
and oceans [36]. Few scientific studies have been devoted to the monitoring of hazardous
processes on slopes bordering reservoirs [3] Several publications on the Three Gorges Reser-
voir in China, created in 2003, stand out [37–39]. Here, landslides have caused significant
damage to infrastructures on the shore and have threatened the life of the local population.
In contrast, in Russia, there are many studies devoted to studying geomorphic processes
on the banks of large reservoirs, because of the large-scale construction of hydroelectric
power plants in the middle of the last century [40–45].

1.1.3. The Use of UAVs

Even though many sensors are currently available on ground, airborne, and space-
based platforms, methods using unmanned aerial vehicles are rapidly developing among
all modern methods for exogenous processes monitoring [46,47]. The possibility of ob-
taining three-dimensional (3D) information about the terrain with high accuracy and
spatial resolution opens up new horizons for studying landslide processes [48,49]. Further
development of technologies such as robotics, photogrammetry [50] and, in particular,
Structure-from-Motion (SfM) and computer vision [51], as well as GNSS, has given a rise
to a whole range of studies using UAVs for research in the field of dynamic geomorphol-
ogy [52–57].

Particular attention should be given to methodological and technical works in which
UAVs are compared with other, already proven methods. For example, when comparing
models obtained by TLS and UAV with the results of total station surveys, in grass vegeta-
tion covers, the UAV gives a model even more accurate than the TLS [58,59]. If the survey
methodology is followed, UAVs’ use allows one to survey and create a DEM with similar
accuracy as the TLS on any landscape [60–63].

It is essential to consider GCP [64–68] and GNSS), the presence of which ensures the
achievement of high modeling accuracy. As noted in Turner et al. [69], the non-use of
ground control points resulted in a 6–10-fold increase in model accuracy relative to studies
in which ground control points were used. The newest GNSS-receivers allow achieving a
positioning error not exceeding 3–5 mm in height, which is sufficient even for microrelief
reconstruction [70,71].

2. Study Area

The Kuibyshev reservoir, built on the Volga River, is the largest in Eurasia and the
third-largest in the world, after Volta (Ghana) and Smallwood (Canada) reservoirs. It is
located in the central part of the Middle Volga basin at the intersection of the forest and
forest-steppe landscape zones of the Volga uplands and the Low Volga [72] (Figure 1). The
geographic coordinates of the reservoir’s borders are 56◦10′–53◦30′ N, 47◦30′–49◦30′ E.
There are three orographic regions within its basin: Volga Upland, Vyatka Predkamye,
Low Volga. The research was conducted within the Volga Upland on the right side of
the reservoir; its banks are steep and cliffy. Absolute heights are 175–215 m in the north
and 250–270 m in the south. The maximum altitudes are confined to the Zhigulevskiy
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Mountains (349 m). The climate is characterized as temperate continental, with relatively
warm and humid summers, cool and moderately snowy winters. The annual precipitation
depth is 500–540 mm, in the warm season reaching 340–360 mm. The snow cover height is
30–37 cm, with a water equivalent of 90–95 mm.
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Figure 1. Location of the Kuibyshev reservoir on the Volga River and the two study sites in the East of the Russian Plain.

The reservoir was formed on 31 October 1955, following the Volga River damming by
Kuibyshev hydroelectric complex. The reservoir reached its full reservoir level (FRL) of
53 m a.s.l. during the 1957 high waters. Its total capacity is 57.3 km3, its water surface area
equals 6150 km2 and its total length along the Volga River is 510 km and 280 km along the
Kama River. Its width varies between 2 and 27 km with a maximum of 38 km at Kamskoe
Ustye. The average water depth is 9.4 m, maximum is 41 m. The length of the coastline is
2604 km, minimum navigation level is 49.00 m. The reservoir is a seasonal flow regulation
storage: the average annual conditional coefficient of water exchange is 4.3.

There are 79 rivers more than 10 km long and 260 rivers less than 10 km long flowing
into the reservoir. The Volga, Kama, and Vyatka rivers, which directly form the reservoir’s
water mass, belong to the rivers with predominant snowmelt feeding. Surface and ground-
water produce 99% and precipitation 1% of the water input into the reservoir. The water
balance components determine the annual water level fluctuation in the reservoir. The
inflow and outflow discharges are asynchronous, and their ratio determines the reservoir
filling and drawdown. The reservoir fills up to the maximum level during spring floods,
while in autumn and winter the level is at its lowest position. The annual amplitude of
level fluctuations is about 6 m. The average runoff velocity in the reservoir is 2–10 cm/s,
depending on the value of transit flow and the live cross-sectional area. The morphological
structure of the reservoir is a system with lake-like expansions. This reservoir serves several
economic sectors: i.e., energy, water transport, agriculture and fisheries, industrial and
municipal water supply.
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Two sites on the right bank of the Kuibyshev reservoir near Kamskoe Ustye village
(Republic of Tatarstan) were selected to evaluate the intensity of shoreline abrasion and
landsliding. Right-bank slopes of the Volga River have scars of ancient landslides. A
significant rise in the water level due to the reservoir creation triggered the reactivation of
landslide movements. The sites were selected based on their representativeness in terms of
geological-geomorphological and landscape conditions for the study area. In addition, the
economic aspect was considered since there is a threat of partial destruction of the buildings
and infrastructure facilities according to the state authorities of the Russian Federation.

At site 1 not only landsliding but also abrasion processes at the shoreline have devel-
oped. The site is located on the right bank 30 m upstream of the Volga River pier (Figure 2).
The landslide and abrasion process acting on the bank are observed here. In the upper
part of the slope, composed of heavy and middle deluvial-solifluction loams, collapse and
sliding of earth blocks of different volumes towards the shoreline occur. At the foot of
the abrasion ledge in some places, there are outcrops of the Kazanian age deposits, i.e.,
clayey-melty gray pack of rocks of the upper Permian system.

The earth slide type landslide [73] has a frontal shape, its length is 32 m, and its width
is 55 m (total area is 1760 m2). An abrasion scarp has formed in the lower part of the slope
with traces of landslides and washouts. In a slope profile, the landslide body itself is well
identified in the upper part with a head scarp and in the lower part a terrace-shape section.
The beach is 2.5–5.0 m wide and is composed of sand-and-shingle material. The abrasion
section at the lower part of the slope erodes and collapses; soil blocks slide through cracks
to the shoreline where they are eroded by water. Wave breaking caves are practically
absent. Other exogenous processes are acting on the slope in addition to the dominant
landslide process. There are rills and ephemeral gullies in the upper part of the slope and
gravitational processes (collapse and crumbling) in the middle and lower part. However,
they are of subordinate importance in terms of active slope processes.

At site 2, a large landslide of earth slide type [73] has formed as a result of mass
movement processes. Here, the landslide-abrasion type of coastal escarpment is observed.
Due to changes in groundwater outflow caused by water level rise, a sliding landslide
develops (Figure 3), forming a large landslide cirque. The upper part of the landslide
process led to the destruction of the old cemetery. Landslide length is 173 m, and its width
is 110 m (total area is 13,900 m2). The height of the landslide edge is 14.7 m; the steepness
is 90 degrees. The body of the landslide is hilly and canopy-shaped. The upper landslide
scarp is close to the buildings.

The lower northern part of the landslide body is affected by very active slope subsi-
dence of the earth block type. The slope is composed of deluvial-solifluction loams with
the vertical type of clastic-block structure; blocks with shrub and woody vegetation are
collapsing along the cracks.

The height of the blocks is 5–6 m, width up to 7–8 m. The soil surface of the old
cemetery is deformed due to cracking and subsidence. The landslide bodies are located
further down the slope, moving towards the Volga at low speed; their hilly surfaces are
overgrown with willow, American maple, saltbush, common nettle, and coltsfoot. Behind
the edge of this landslide body is the landslide cirque. Its southwestern cliff destroys the
old cemetery. Numerous humans remains emerge from a depth of 1.5–2 m in the landslide
escarpment. In the lower part of the slope, an abrasion scarp with traces of breakwater
caves can be observed.

In 2018 to the south of the study Site 2, a shore reconstruction was carried out to
organize a recreational area near the camping base (Figure 4). As a result of excavation
works and re-organization of access roads to the camping base pier, the south-eastern part
of the studied landslide cirque and landslide body was leveled and sodded (Figure 4B).
As a result, this fragment of the landslide ledge was excluded from further analysis.
However, the works carried out to improve the sloping area did not reduce the intensity of
geomorphic processes, and the works on slope stabilization had to continue.
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3. Materials and Methods

Various sources of information and observation methods were combined to estimate
the intensity of abrasion and landslide processes at the reservoir shores. Shoreline po-
sitioning for the past periods (1958, 1985, 1987, and 1993) was obtained from archived
historical aerial images (Kazan University Library); data for 1975, 2010, were obtained from
satellite imagery interpretation. Field measurements at the study sites were conducted in
2002, 2003, 2005, and 2006 using Trimble M3 total station (2014). Since traditional methods
mainly provide information about the planar displacement of the landslide scarp edge, the
laser scanning method was additionally used in 2012–2014 to study the volume changes
in hard-to-reach and hazardous areas. A Trimble GX TLS used as scanning equipment
(Figure 5, Table 1). From 2019 onwards, field surveys include a DJI Phantom 4 UAV survey.
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Table 1. Number (#) of laser scanning points at Site 1.

Scan Date Site 1 (#)

July 2012 1,847,951
November 2012 2,271,130

July 2013 850,394
November 2013 1,509,131

June 2014 1,550,689

Since the slope processes at the studied sites develop differently—a block landslide at
Site 1 and a landslide cirque at Site 2, the methodological approaches for their study were
also different.
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3.1. Site 1

At Site 1, an analysis of the abrasion-slope DEM obtained from ground-based laser
scanning in 2012–2014 and UAV imagery in 2019 was chosen as the main method of
shoreline deformation (Table 2).

Table 2. Dates and data acquisition techniques for Site 1.

Year—Month Type of Measurement

2012-July, November Laser Scan
2013-July, November Laser Scan

2014-June Laser scanning
2019-August UAV

The results of scanning were processed in the Trimble Realworks software. The
obtained point clouds were transformed to one coordinate system; next, the scans were
cleaned from artifacts. The obtained point clouds were exported to the Golden Software
Surfer software, whereby triangulation with linear interpolation of the DEM with a spatial
resolution of 0.1 m was created. The calculation of volume change was performed using
the Volume tool. In addition, qualitative analysis—creating maps of surface changes
and analysis of landslide slope profile changes—was performed here. According to laser
scanning results, a specific indicator such as the volume of eroded soil per unit area (V− S−1,
0.03–0.04 m3 m−2) was used to estimate the intensity of landslide processes. Calculation of
soil volumes between the scanned surfaces was carried out in automatic mode.

Photogrammetric processing of UAV survey results was performed in Agisoft Pho-
toscan software. A combined approach was used to align the point clouds obtained by
TLS and UAV surveys. Since the main survey using terrestrial laser scanning was carried
out in the relative coordinate system and the UAV data in the global coordinate system, it
was decided to recalculate the latter in the relative coordinate system. At the first stage,
common stable areas were singled out on the point clouds obtained from different sources:
i.e., elements of the pier, corners of buildings, and bank protection structures. Based on the
obtained matches, the point clouds were re-aligned using the ICP method to minimize the
georeferencing error (Table 3).

Table 3. Point clouds georeferencing errors for Site 1.

Point №
Manual Point Selection Iterative Closest Point Method (ICP)

X (m) Y (m) Z (m) X (m) Y (m) Z (m)

1 0.09 −0.18 0.63 −0.05 0.11 −0.20
2 −0.45 0.09 0.18 0.10 0.00 0.01
3 0.09 0.27 −0.36 0.00 0.16 0.12
4 0.27 −0.36 0.45 −0.04 0.10 −0.19
5 0.36 0.45 −0.54 −0.11 −0.28 −0.16
6 0.54 0.27 0.09 0.06 −0.13 0.07
7 −0.18 0.09 0.09 −0.03 −0.06 0.03

Total 0.28 0.24 0.33 0.06 0.12 0.11

The obtained errors are considered to be permissible in landslide process studies [74,75].
To calculate quantitative characteristics and assess the intensity of the processes at

Site 1, a series of maps of surface changes were constructed for the abrasion scarp and the
upper part of the landslide slope. Changes on the slope were also studied by cross-section
profiles along the slope surface.

3.2. Site 2

Analysis of landslide scarp retreat was chosen as the primary method for studying
bank transformation at Site 2. A wide range of data was used to perform this task (Table 4).
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Table 4. Dates and data acquisition techniques and sources for Site 2.

Year Source Data

1958 Aerial image
1975 “Corona” satellite image
1985 Aerial image
1987 Aerial image
1993 Aerial image
2002 Total Station Survey
2003 Total Station Survey
2005 Total Station Survey
2006 Total Station Survey
2010 Roscosmos satellite image
2019 UAV data

Archived historical aerial and satellite images were used to study the changes in
the shoreline position, and modern satellite images were used as a base for their spatial
reference. Since 2002, a topographic survey was carried out in a relative coordinate
system. A network of reference points was created, to provide a multi-term survey. The
reference points’ coordinates were determined using a Trimble M3 total station. The use
of geodetic class marks provides high accuracy of the inter-seasonal and annual survey
results referencing and subsequent aligning of the multi-temporal scans. A GNSS receiver
using real-time kinematic corrections was used to transform the obtained results into the
global coordinate system in 2012.

The Digital Shoreline Analysis System (DSAS), as an extension module of the ArcGIS
software, was used to quantify shoreline displacement. The main application of DSAS is the
use of polyline layers as a representation of a particular shoreline object at a particular point
in time. Several statistical measures of shoreline change are compiled by comparing shore-
line positions: net shoreline movement (NSM), shoreline change envelopes (SCE), endpoint
rate (EPR), linear regression rate (LRR), and weighted linear regression rate (WLR) [76].
This module is effective for simplifying the analysis of shoreline position changes [77,78].
Shoreline’s geodatabase was created in ArcGIS. The 1958 shoreline (immediately after
filling the reservoir) was taken as a baseline. Following parameters were selected: distance
between the transects is 15 m, search radius is 300 m. Based on the obtained transects,
shoreline indicators such as linear retreat rate (m yr−1), shoreline displacement (m) were
automatically calculated.

4. Results
4.1. Observations at Site 1

Assessment of landslide and shoreline abrasion intensity at Site 1 is based on the
volume of material displaced per unit area. According to the laser scanning results, changes
were evaluated in the upper part of the slope, where a block type landslide was developing,
and in the lower part, where an abrasion scarp was formed because of wave wash (Figure 6).
The evolution of the situation at study site 1 was analyzed by comparing the results of laser
scanning (Table 5) and those obtained during the 2019 UAV survey (Table 6).

The information on mobilized material volumes was obtained from the analysis of
different maps from the study slope using the laser scanning results presented in Table 6.
Ground displacements in the abrasion scarp area vary independently of the seasons, which
is explained by the water level fluctuations of the reservoir. First, there is an accumulation
of soil in the lower part of the slope due to landslide processes. In the case of high-water
levels, the soil is eroded by wave abrasion. During water drawdown, the foreshore width
does not allow the waves to erode the shore, and material accumulates again at the foot
of the slope. This explains why denudation near the abrasion scarp prevails in 2012–2013,
and accumulation processes prevailed in 2013–2014.
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Table 5. Quantitative indices describing the intensity of geomorphic processes at Site 1 according to scanning results.

Observation Period
Abrasion Scarp Upper Part of the Slope

V− S−1, m3 m−2V− S−1 *, m3 m−2 V+ S−1 *, m3 m−2

06/2012–11/2012 0.08 0.25 0.06
11/2012–06/2013 0.67 0.06 0.2

06/2012–07/2013 ** 0.54 0.05 0.25
07/2013–11/2013 0.02 0.02 0.08
11/2013–06/2014 0.03 0.69 0.08
07/2013–06/2014 0.07 0.61 0.17

* V−/S represents the eroded soil volume per unit area; V+/S refers to the deposited soil volume per unit area. ** The annual average
values of eroded and accumulated volumes are in bold.

Table 6. Quantitative indicators characterizing the intensity of geomorphic processes at site 1 based on UAV survey results.

Observation Period V+ S−1 *, m3 m−2 V− S−1 *, m3 m−2 ∆V S−1 m3 m−2

06/2012–11/2012 0.008 0.017 −0.009
11/2012–7/2013 0.014 0.036 −0.023

06/2012–07/2013 ** 0.012 0.044 −0.033
7/2013–11/2013 0.003 0.022 −0.019
11/2013–6/2014 0.014 0.026 −0.012
07/2013–06/2014 0.009 0.040 −0.031
6/2014–8/2019 0.000 0.038 −0.038

* V−/S represents the eroded soil volume per unit area; V+/S refers to the deposited soil volume per unit area. ∆V/S is the net soil loss;
** The annual average values of eroded and accumulated volumes are in bold.

In general, for study site 1 denudation processes are dominant during the observation
period (Table 6). The volume of landslide changes per unit area showed that intra-season
and inter-annual dynamics of the process are irregular. The high intensity of the denudation
process in the autumn-winter period of 2013 is noted because of a smooth increase of solar
radiation and, therefore, low evaporation passing into snowmelt runoff. In addition, since
there is no significant precipitation between December and March (Figure 7A), only April-
November data were used to analyze the role of precipitation. The comparable rates of the
denudation process in the summer-autumn period of 2013 and autumn-winter period of
2014 are explained by a significant erosive (>10 mm day−1) rainfall and, in contrast, by a
less erosive winter precipitation (Figure 7B). However, despite the fundamentally different
patterns of intra-annual variability of denudation processes, the inter-annual net material
loss at site 1 remains, rather constant (ca. −0.03 m3 m−2).
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to Kazan Federal university meteorological station data).

The analysis of the dynamics of transverse profiles (Figure 8, Profile 1) showed that
in the zone of block landslide development, the mass movement in the summer-autumn
period is smaller than in the autumn-summer period. In the summer-autumn period
of 2013, the landslide body did not change its position. Displacements of masses occur
mainly during the snowmelt period. Therefore, in the autumn-summer period of 2013, the
landslide mass moved downslope by 4 m, and in 2014 by 3 m.
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The graphs show that in November 2012, there was an accumulation of soil masses on
the abrasion part of the bank slope. From November 2012 to July 2013, the accumulated
material was intensively eroded. The reduction of the process intensity characterizes the
summer-autumn period of 2013. Significant re-activation was observed in the period from
November to June 2014. A significant difference is observed between the 2012–2014 and
the 2019 slope profiles. The landslide body is not seen on the 2019 profile, which is almost
straight. Over the last five years, the landslide body has been completely transformed; the
profile of the slope has reached a dynamic equilibrium and has become linear. The average
thickness of the transformed soil layer on the flattened sections was 1.5 m or 0.5 m yr−1

during 2012–2014 and 2 m yr−1 or 0.4 m yr−1 during 2014–2019 (Figure 9).
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Figure 9. Site 1. Slope profile changes at site 1 in the period 2012–2019 (blue line) and 2014–2019 (green).

Based on the 2003–2006 survey, the authors recommended to install landslide-control
measures, directed to protect the pier under construction. The essence of the measures
consisted in the modelling of the landslide slope with subsequent flattening in 2007,
installing engineering structures at the foot of the slope to protect it from wave action and
to prevent the development of abrasion processes. The implemented measures turned out
to be very effective. At present (2019), no landslide reactivation processes are observed on
the treated part of the slope, which can be seen in Profile 2 (Figure 8).

4.2. Observations at Site 2

Landsliding was initiated at this site after the Kuibyshev reservoir filling in 1957, as
shown in the archive images (Figure 10). On the 1958 image at the shore scarp foot small
erosion forms of rill type can be observed. The 1985 image shows the slope transformation
due to abrasion and landslide processes along the bank front, reaching the gully’s left
bank in the eastern part of the site. In 1987, the shoreline scarps began to take a circular
shape, and later, the upper part of the slope was transformed by landslide processes. In the
lower part, a landslide body is formed, which is gradually eroded due to abrasion by wave
erosion.

The digitized scarp lines for different periods—(i.e., 1958–1975, 1975–1985, 1985–
1987, 1987–1993, 1993–2002, 2002–2019) were analyzed to calculate the rate of landslide
scarp retreat in DSAS. This is primarily due to the change in the slope’s horizontal shape
and transition into a cirque type of landslide. The plan shape of the scarp line was
gradually changing from a line to an arc, which would introduce distortions when making
measurements in the DSAS module. Therefore, it was decided to plot lines perpendicular
to the baseline of the corresponding period separately.
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In general, the average rate of landslide slope retreat varies in the range of 1–2 m yr−1

throughout the study period (Table 7). The period of 1985–1987 stands out as a landslide
block moved downslope, and subsequently, the landslide changed to the cirque type and
the scarp retreat rate decreased (Figure 11). The analysis of the landslide scarp retreat
rate between 2002 and 2019 was conducted from the 2002 line because of the stabilization
of the plan shape of the landslide scarp in subsequent years. This is partly due to the
excavation works to improve the surrounding area, which leads to a reduction of the
landslide scarp retreat rate to 0.84 m yr−1 in 2019 which transferred the landslide to the
moderately hazardous landslide category [79].

Table 7. Retreat rate of the landslide scarp at Site 2. See also Figure 11.

Year
Retreat Rate (m yr−1)

Mean Maximum

1975 1.89 2.12
1985 1.45 1.92
1987 8.73 11.29
1993 3.50 6.38
2002 1.28 2.67
2003 1.35 2.57
2005 1.28 2.43
2006 1.34 2.49
2010 1.12 2.04
2019 0.84 1.38

It should be noted that the study in 2002–2006 was carried out according to the state
program, the aim of which was to analyze the landslide processes on both sites and to
evaluate their hazard for nearby inhabited and uninhabited constructions. As a result of this
study, several recommendations for landslide control measures were formulated. At Site 1,
following the recommendations made, shore protection constructions were installed, which
made it possible to stabilize the landslide processes above it completely. Unfortunately,
a shore protection dam was not installed along the slope’s entire length (see Figure 2),
which made it impossible to stabilize the entire landslide section. At Site 2, shore protection
and improvement works were not organized until 2018–2019. When the camping base
was constructed, approximately one-third of the landslide cirque was reduced, which also
resulted in a reduction of the landsliding intensity (Figure 12).
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5. Discussion

Using different remote sensing methods allows quantitative assessments of several
exogenous processes at different scales and qualitative levels. Landslide processes may
have different appearances, and their assessment requires different approaches [80,81].
Each tool solves the problem differently. Volumetric landslide changes evaluation is
possible by calculating the difference of 3D models obtained by the outcomes of TLS and
UAV. Assessment of planar displacements is possible by visual interpretation of remote
sensing data and field monitoring of the boundaries of the study object using a total station
survey. Satellite images, as well as simple aerial photos, do not permit the production of a
volumetric picture. However, TLS does not permit the establishment of the exact position
of the landslide body boundaries. Scanning total stations, permitting the solving of classical
tachymetry tasks—that give the most exact position of object borders under research; and
to make scans of landslide object for the subsequent three-dimensional reconstruction. TLS
helps to estimate volumetric changes with millimeter accuracy. However, when estimating
landslide structures located on the banks of reservoirs, access from all sides is difficult. It
may give so-called shadows—areas with no information on three-dimensional data [82].
The UAV method does not have such a disadvantage; even though there are differences in
the level of accuracy achieved, UAV data can significantly complement scanning results in
areas with no data. Multi-temporal measurements alignment with only UAV is still tricky
because of the UAVs navigation system inaccuracies.

Nevertheless, the error of georeferencing of multitemporal models is acceptable when
assessing rapid landslides. Returning to the most optimal method, it can be noted that
the use of UAV to assess planar and volumetric changes on slopes allows obtaining both
a three-dimensional model and an ultrahigh-resolution orthophoto, with which the re-
treat of the slope scarp can be monitored. However, as noted earlier, the construction
of accurate difference-time maps requires high-precision positioning of the aircraft itself,
which is achieved using high-precision GNSS receivers that allow making corrections in
real-time kinematics or post-processing. As the established practice of using such airborne
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systems has shown, the best results in comparing multi-temporal data can be achieved by
simultaneous use of UAV image data with high-precision positioning, taking into account
corrections from the base station and ground reference points [83].

The use of modern unmanned systems allows taking images with multispectral
cameras that provide additional possibilities for analyzing the relationship between the
spectral characteristics of rocks composing the landslide body and the intensity of the
processes. However, comprehensive mathematical and statistical modeling is possible only
with spatial data on fundamental factors of landslide formation—the steepness of slopes,
soil texture and type of rocks, air temperature and precipitation data, especially for the
winter period, groundwater depth data, and reservoir level fluctuations. However, for
verification of modeling results, one needs data on currently developing landslides along
the Kuibyshev reservoir banks, which is to be collected in the near future.

Active shoreline erosion currently occurs in almost all water reservoirs in Russia. In
total, 36% of the shoreline of all water reservoirs in Russia is affected by these processes [84].
Shoreline erosion is most active within large reservoirs with a capacity of more than
10 million m3. For such water bodies in the European part of Russia about 40% of shores is
transformed, in Siberia—36%, in the Far East—35%, while in small reservoirs, located in
the same regions, only 13–15% of the total shoreline is affected by shoreline erosion [85].

Among the large water bodies of the European part of Russia, the most affected by
bank destruction are the Kuibyshev (75%), Volgograd (72%), Saratov (70%), and Gorky
(65%) reservoirs, located in forest-steppe and steppe zones. More than 50% of the banks
are actively retreating at the Kama and Novosibirsk reservoirs. For other water bodies in
Russia, shoreline degradation usually occurs on less than 40% of the shoreline.

Analysis of actual data on linear shoreline retreat rates showed that the maximum
average annual retreat rates during the first 10 years of development of water reservoirs,
i.e., during the first, active stage of the process development, amount to 10–20 m yr−1. In
some years, the indicated rates of bank erosion at the first stage can be significantly higher,
up to 100 m yr−1. Thus, in the eastern part of Kamskoye Ustie (Sites 1–2), a 70–90 m wide
strip of coastline was destroyed by landslides during the first 30 years of the reservoir’s
existence. The average annual intensity of shoreline processes of the largest reservoirs of
Russia at the second stage of development in the regime of steady-state or slowing-down
deformations is, as a rule, significantly smaller and usually does not exceed 1–2.5 m yr−1.
The data obtained at the studied site are comparable with the data of previous studies [86],
conducted mainly by standard surveying methods.

Nevertheless, at some sites, recent studies show much larger values of shoreline
displacement, mainly in the areas with loams. This, for example, occurs near the village
of Izmeri in Spassky District, Republic of Tatarstan (55.130452 N, 49.469740 E), where
maximum retreat values reach 9 m yr−1, with average values of 1- 6 m yr−1 [5].

Observations of coastal retreat and landslide processes have been made at the Kuiby-
shev reservoir [87–90], mainly focusing on the assessment of coastal retreat and land losses.
Long-term observations of landslide processes are conducted mainly by state agencies
by installing ground control points at random sections. Unfortunately, these data are not
available for scientific studies and are not published.

The use of modern methodological approaches allows obtaining information on
landslide processes independently, quickly, and efficiently. These allow estimating changes
overall front of the landslide slope and dangerous areas, inaccessible to observations by
traditional methods.

6. Conclusions

This paper documents quantitatively the dynamics of reservoir bank landslides and
shoreline abrasion in active zones for the 1958–2019 period, based on the integrated
use of modern instrumental methods. Assessment of the retreat rates of the landslide
scarp is possible using both remote sensing from space and orthophoto maps obtained
from UAVs and classical total station surveys. The use of historical archival aerial pho-
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tographs allows assessing the intensity of this land degradation process since the initiation
of landslide processes. The monitoring of landslide processes using different measure-
ment methods reveals that the rate of volumetric changes as a result of landslide pro-
cesses at Site 1 has remained stable during the period of measurements (2012–2014) and
is—0.03–0.04 m3 m−2 yr−1, with the most significant contribution to the average annual
value being caused by snowmelt runoff. The spatial dynamics of the landslide edge at Site
2 showed a steady decreasing trend of the retreat rate, beginning in 2002–2003, associated
with partial overgrowth of the landslide accumulation zone and its relative stabilization.
The average landslide scarp retreat rate for the entire observation period is 2.3 m yr−1. In
recent years’ landslide control measures taken in this area have reduced the landslide scarp
retreat rate by more than 2.5 times to 0.84 m yr−1.
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