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Abstract: The morphoevolution of coastal areas is due to the interactions of multiple continental
and marine processes that define a highly dynamic environment. These processes can occur as
rapid catastrophic events (e.g., landslides, storms, and coastal land use) or as slower continuous
processes (i.e., wave, tidal, and current actions), creating a multi-hazard scenario. Maronti Bay (Ischia
Island, Southern Italy) can be classified as a pocket beach that represents an important tourist and
environmental area for the island, although it has been historically affected by slope instability, sea
cliff recession, and coastal erosion. In this study, the historical morphoevolution of the shoreline
was analysed by means of a dataset of aerial photographs and cartographic information available
in the literature over a 25-year period. Furthermore, the role of cliff recession and its impact on the
beach was also explored, as in recent years, the stability condition of the area was worsened by the
occurrence of a remarkable landslide in 2019. The latter was reactivated following a cloudburst on the
26th of November 2022 that affected the whole Island and was analysed with the Dem of Difference
technique. It provided an estimate of the mobilised volumes and showed how the erosion and
deposition areas were distributed and modified by wave action. The insights from this research can
be valuable in developing mitigation strategies and protective measures to safeguard the surrounding
environment and ensure the safety of residents and tourists in this multi-hazard environment.

Keywords: coastal areas; beach dynamics; cliff retreat; landslide; erosion rates

1. Introduction

Coastal areas undergo frequent landscape changes due to the interactions of multiple
continental and marine processes that generate a highly dynamic environment. Landscape
changes can occur as a consequence of rapid catastrophic events and/or slower continuous
processes operating in a wide range of scales. These processes include landslides, storms,
and coastal land use, as well as wave, tidal, and current actions.

Shoreline erosion is one of the main hazards affecting coastal areas. These processes
include tsunamis, river flooding, and landslides. In some cases, these processes are strictly
connected, like in the case of soil erosion, where beach retreat and cliff instability lead to
landslides, generating a complex multi-hazards scenario. In turn, the cliff erosion rates are
connected to the geological features of the area, including the mechanical strength of the
rock masses and the geometric properties of the fracture system [1–3].

Assessment of the erosion processes and quantification of coastal retreat are critical for
proper coastal planning and engineering mitigation [4–6]. In some areas, a coastal hazard
is determined by a high rate of coastal retreat, which causes important loss of land and,
therefore, money, infrastructure, and human life. Moreover, in recent years, coastal erosion
has generally worsened due to the increasing occurrence of extreme meteorological events
(e.g., typhoons, hurricanes, and coastal storms), stronger winds and waves, and sea level
rise, all connected to global climate change [7–11]. Additionally, sediment fluxes from
continental and rock coast erosion represent about 2% (~0.4 Gt a−1) of the global flux, and
it has an impact on the chemistry of the ocean [12,13].
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Several methods are applied to assess the overall coastal hazard, including monitoring
and evaluating geological features [14–17] and individual hazards [18] characterising the
area. Nevertheless, the understanding of coastal erosion phenomena is difficult due to the
occurrence of multiple triggering factors that interact on different spatial and temporal
scales [19–21].

This study focused on the coastal evolution of Maronti Bay (on the southern part of
Ischia Island) in the municipalities of Barano and Serrara Fontana. Ischia Island has been
intensely affected by slope stability phenomena connected to volcanic activity, earthquakes,
stormy rains, and/or coastal erosion [22–28]. In particular, this area was historically charac-
terised by coastal erosion processes as well as slope instabilities and is currently affected by
a wide retrogressive debris avalanche threatening the uphill urban centre (Figure 1).
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Figure 1. Aerial photograph of the 26th November 2022 landslide with the affected buildings on the
cliff top.

The historical morphoevolution of the coastal area of Maronti was analysed by means
of a dataset of aerial photographs and cartographic information available in the literature.
The collection and interpretation of these resources enabled the reconstruction of a chrono-
logical sequence of the erosion/progradation phases of the shoreline over the years and the
understanding of the role of cliff recession and its impact on beach use.

Furthermore, a focus on the landslide event that occurred on 26th November 2022
was carried out through drone surveys to evaluate the difference between the pre- and
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post-landslide DEMs. This analysis enabled the estimation of the mobilised volumes and
the investigation of the reactivation and evolution of the landslide.

The adopted approach, combining historical data, aerial photography, cartography,
and Virtual Outcrop Model (VOM) remote analysis, provided a geometrical understanding
of the coastal cliff evolution and the impact of landslides in the study area. These findings
are essential for better understanding and the management of landslide risks on Ischia.
The insights from this research can be valuable in developing mitigation strategies and
protective measures to safeguard the surrounding environment and ensure the safety of
residents and visitors in this region.

2. Study Area
2.1. Geological Setting

Ischia Island is part of the Phlegraean Fields volcanic complex, and it extends for
about 42 km2 into the Gulf of Naples (Figure 2). The geological and geomorphological
characteristics of the island make it highly susceptible to various instability events, in-
cluding earthquakes, flow-like landslides, rockfalls, flash floods, and tsunamis, resulting
in a multi-hazard environment [24,29]. The prevalent lithologies on the island are tra-
chytes and latite-phonolites lavas, accompanied by pyroclastic soils and ancient mudflow
deposits [30,31].
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landslide body.

The first volcanic activity on Ischia Island dates back over 150 ka, with the most recent
significant eruption being the Arso eruption in 1302 [30–32]. The overall volcanic activity
is generally divided into five major phases that are further grouped into two main cycles,
separated by a quiescent period of around 25 ka and distinguished by the emplacement of
the Green Tuff formation (~55 ka). The Green Tuff forms the core of Mt. Epomeo and is a
trachytic ignimbrite, exhibiting a green colour due to alteration from contact with seawater.

Maronti Bay is situated in the municipalities of Barano and Serrara Fontana, and it
represents an important coastal sector of the island with high environmental and tourist
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value. Overall, the southern part of Ischia is mainly composed of high coasts forming
a series of bays, with Maronti Bay in the central zone. The height of the Maronti cliffs
increases from east to west, in a 50 to 120 m a.s.l. range. Along the coast, three main debris
flow units can be identified, exhibiting different lithological and textural characteristics [33]:

- In the eastern sector there is a gravel-size (1–10 cm) grain-supported debris flow unit,
with a sandy matrix and a light beige colour. The clasts comprise siltites of Colle Jetto,
Tufite, tuffs, and lavas, appearing with both sharp and rounded edges;

- Below the latter unit, there is another debris flow body, with an olive-green colour,
exposed in the central sector of the coastal area. Its thickness varies from 2 to about 10
m. This unit is mainly composed of clasts of Colle Jetto siltites and small inclusions of
Tufite and lava;

- In turn, the latter unit has an erosive contact with another debris flow body in the
central–western sector of Maronti beach. This unit is mainly composed of clasts of
dark green Tufite, occasionally containing sub-rounded inclusions of siltites of Colle
Jetto and lavas.

2.2. Historical Cliff Instability

The Maronti cliff undergoes significant erosive action from the sea as it lacks adequate
protection from a sufficiently wide beach. The wave action plays a critical role in the cliff
retreat process by exerting stress at the cliff base and by infiltrating within the fracture
system and pore space of the rock mass [34–36]. The wave motion creates beach notches of
various depths, particularly evident in tuffaceous deposits where some of them can reach
several meters in depth, which highlights the influence of the mechanical properties of the
lithology in the erosion process [1,3].

The beach underwent intense regression from 1970 to 1999, and in May 2002 an
artificial nourishment project brought the beach to widths of 40–80 m in the western sector,
20–30 m in the central sector, and about 10 m in the eastern sector [37].

The coastal area of Maronti has been affected by several landslide events [25], especially
in the western–central sector, documented by historical pictures during the last century.
Since 1970, a total of 14 landslide events have been distinctly reported and documented, as
summarised in Table 1.

Table 1. Landslide events that affected the coastal area of Maronti from 1970 (modified after Del Prete
and Mele [25] and references therein).

Location Date Landslide Type Deposit type Sources Damages

Testaccio-Maronti March 1970 Rotational sliding
Tuffs, pyroclastic

deposits, and detrital
deposits

Il Mattino, 1970; Il
Mattino, 1978

Destruction of
“Testaccio-Maronti” road

at km 1 + 800

Lido dei Maronti 7 June 1978 Rockfall evolving
into a debris flow Detrital deposits Il Mattino, 1978 Invasion of the beach

area and 5 fatalities

Lido dei Maronti
(Fumarole)

2 August 1983,
4 August 1983 Rockfall Detrital deposits Il Mattino, 1983

Invasion of the beach
area and destruction of
“Alba Marina” beach

establishment with
1 injured person

Lido dei Maronti 22 February 1987 Rockfall Detrital deposits Pellegrino, 1994 Damage to Hotel Vittoria

Lido dei Maronti 14 October 1989 Rockfall Detrital deposits Pellegrino, 1994 Information not available

Lido dei Maronti 6 November 1990 Rockfall Detrital deposits Il Mattino, 1990 No damages reported

Lido dei Maronti September 1997 Rockfall Detrital deposits Field surveys

Invasion of the beach
area and damages in Via

Maronti and to
private buildings

Lido dei Maronti 28 December 1998 Rockfall Detrital deposits Field surveys No damages reported
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Table 1. Cont.

Location Date Landslide Type Deposit type Sources Damages

Lido dei Maronti 30 September 1999 Rockfall Detrital deposits Enti, Il Golfo, 1999

Invasion of the beach
area and damages in Via

Maronti and to
private buildings

Lido dei Maronti 27–28 December 1999 Rockfall Detrital deposits Il Golfo, 1999 e 2000 No damages reported

Lido dei Maronti 31 December 2000 Rockfall Detrital deposits Il Golfo, 2001 Invasion of the beach area

Lido dei Maronti 3 January 2001 Rockfall Detrital deposits Il Golfo, 2001 Invasion of the beach area

Lido dei Maronti 15 December 2020 Rockfall Detrital deposits La Repubblica, 2020 Invasion of the beach area
and damages in Via Iesca

Lido dei Maronti 26 November 2022 Rockfall Detrital deposits Local team, 2022
Invasion of the beach
area and damage to

private buildings

This issue is due to the geological and geomorphological setting of Maronti Bay, as the
presence of volcanic lithologies, steep cliffs, and erosion processes contribute to frequent
landslide events [37]. The Maronti coastline, known for its environmental significance,
experiences considerable erosion due to the impact of wave motion.

3. Data and Methods

The data collection was carried out by gathering historical photos, Google Earth
images, maps, and LiDAR of the area from 1998 to 2023 (Table 2). The original dataset
included additional historical pictures and maps. They were discarded due to distortions
of the images and georeferencing issues. For this aim, the existing buildings above the
cliff were used as checkpoints to validate the quality of the data. In addition, field surveys
enabled the characterisation of the morphometric properties of 26 November 2022 landslide
and image acquisition via drone for the construction of orthophotos, DEM, and Virtual
Outcrop Models (VOM) of the cliff.

Table 2. List of satellite images, maps, and LiDAR collected to analyse the evolution of the Maronti
beach area. Coordinate system: WGS84-UTM; zone: 33 North.

Data Type Year Source

Topographic Map (1:5000) 1998
Regione Campania

Topographic Map (1:5000) and Orthophoto 2004

LiDAR (1 × 1 m) 2009 Città metropolitana

Satellite image
2013

Google Earth
2014

Topographic Map (1:5000) and Orthophoto 2015 Regione Campania

Satellite image

2016

Google Earth2019

2021

LiDAR (1 × 1 m) and Orthophoto 2022 Protezione Civile

Orthophoto and DTM (1 × 1 m) 2023 Drone survey

The drone used for high-resolution image acquisition was a DJI™ Phantom 4 RTK
quadrotor UAV platform equipped with a 4 K video camera with a 1/2.3” CMOS sensor,
94-degree field of view, 12.4 MP images, and a focal length of 3.6 mm. The flights were
performed at a height of 100 m, defining a resolution (Ground Sample Distance) of 3 cm.
The images were acquired with an overlap of 80% and a side lap of 70% and were succes-
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sively processed with Structure from Motion (SfM) computer vision techniques (AgiSoft
Metashape 2.0.3 software). The developed dense point cloud enabled the production of
the Digital Surface Model (DSM), Digital Terrain Model (DTM), and the nadir and oblique
orthomosaic images.

The satellite images were georeferenced by means of GIS software based on the
Topographic Map (1:5000), using fixed reference points (e.g., buildings and crossroads).
Successively, the cliff perimeter and the beach limits were digitised for each year on the
available orthophotos, satellite images, and topographic maps, enabling the analysis of
their temporal evolution and the assessment of coastal retreat (i.e., sea cliff-orthogonal
translation from its initial position). The shoreline position was identified as the water
line at the time of the individual images since the study area is located in a microtidal
environment [38,39]. The progradation/regression trends of the cliff and beach edges were
quantified by measuring their variation in sequential images. These values were collected
along 10 measurement lines (transect, T) perpendicularly arranged with respect to the cliff
and the beach (Figure 3).
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The DEMs from different years were quantitatively compared with each other by
computing the DEM of Difference (DoD). In detail, the 2009–2022 and the 2022–2023 DoD
were produced by using the 2009 and 2022 LiDAR-derived DTMs and the 2023 UAV-derived
DTM. This method is commonly applied for volumetric Geomorphic Change Detection
analyses [40–42] to highlight the main areas of erosion (cold colours) and accumulation
(warm colours), as well as to compute an estimation of the mobilised volumes.
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4. Results
4.1. Temporal Evolution

The collected dataset of maps and aerial photos enabled the measurement of the cliff
and beach widths in different years. Successively, individual time ranges were defined
depending on the data availability, allowing us to quantify the variation of the cliff retreat
and beach extension through the years. For some years, the measurement of the cliff
boundaries was not possible due to the low quality of the images; therefore, fewer time
intervals were defined with respect to the beach analysis. For this reason, to ensure proper
comparisons, the time ranges were compared in terms of annual rate. Furthermore, as
the cliff perimeter can only show retrogression or no change, the values are shown as
positive for simplicity. In Table 3, the values of the cliff retreat are summarised for the
10 measurement lines (T1–T10) and the 5 time ranges.

Table 3. Cliff variation for time ranges measured on the 10 measurement lines (T1–T10).

Time Range T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

m m m m m m m m m m

1998–2004 0.6 1.5 1.6 5.1 5.4 5.6 1.7 5.0 0.9 1.9

2004–2009 0.4 0.1 1.3 1.2 3.8 3.5 0.6 3.2 1.0 3.0

2009–2015 0.8 0.5 0.1 0.2 0.7 1.0 0.5 0.6 0.3 0.1

2015–2022 2.4 1.7 0.3 0.2 0.7 19.0 0.3 0.2 0.3 0.4

2022–2023 0.4 0.5 0.3 0.4 0.2 0.1 0.2 0.2 0.6 0.2

The cliff retreat rate was calculated and compared between time intervals for each
transect (Figure 4). Since the 2023 drone survey was performed in June, the annual rate
was calculated by considering that the cliff retreat measurements are not referring to an
entire year. From this comparison, the following observations can be derived:

- The amount of cliff retreat is higher for the transects T4–T6, which represent the central
part of the cliff (Figure 3) where the landslide events mainly occurred.

- The highest regression rate is registered in the 2015–2022 period on the T6 (about
271 cm year−1), with the landslide event of the 26 November 2022 playing a primary role.

- On average, the 2022–2023 and the 2009–2015 intervals show the highest (about
61 cm year−1) and the lowest (about 8 cm year−1) cliff retreat rates, respectively.
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In Table 4, the values of the beach width variation are summarised for the 10 measure-
ment lines (T1–T10) during 10 time intervals.

Table 4. Beach width variation (m) for time ranges measured on the 10 measurement lines (T1–T10).
The positive values indicate an increase in width, and the negative values indicate a decrease in width.

Time Range T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
m m m m m m m m m m

1998–2004 23.2 23.2 20.8 19.7 19.4 10.7 9.3 10.4 14.2 17.4
2004–2009 −29.6 −28.9 −25.4 −22.4 −17.4 −15.3 −16.7 −15.26 −16.9 −23.8
2009–2013 12.8 11.4 7.5 7.8 7.0 6.5 1.1 −1.1 −3.0 4.1
2013–2014 −2.8 −2.8 0.6 −3.1 −1.1 0.2 −0.1 0.0 −2.3 −9.7
2014–2015 12.2 13.0 8.9 9.0 5.1 2.7 7.9 12.4 15.7 17.3
2015–2016 −18.1 −21.0 −19.2 −15.8 −13.1 −10.5 −9.0 −12.4 −18.7 −20.0
2016–2019 3.4 7.3 5.6 4.7 4.3 3.6 1.3 5.0 6.7 12.1
2019–2021 −2.9 −5.3 −1.7 −1.5 −0.6 1.4 −1.3 −5.0 −6.7 −13.6
2021–2022 −5.0 −3.9 −4.0 −2.5 3.1 8.2 3.9 2.8 0.0 −3.6
2022–2023 −2.8 −1.7 −1.9 −3.7 −1.0 −0.1 1.7 3.0 5.4 5.9

Again, to ensure a proper comparison between the measurements, the rate of beach
width variation was calculated (Figure 5). It can be noticed that the negative variation
rates (beach decrease in width) symmetrically increase towards the external areas of the
beach, with the T1–T2 and T10 displaying the highest values. This trend, as expected,
is the opposite of what was observed for the cliff retreat (Figure 4). The trends of beach
regression (negative values) and progradation (positive values) show a regular oscillation
through time. In particular, the 2014–2015 and 2015–2016 time intervals show very high
values of progradation (about 10 m yr−1) and regression (about 16 m yr−1), respectively.
On the contrary, the average beach regression rate of the interval 2021–2022 was mitigated
by the occurrence of the 26th November landslide, which created a remarkable cliff retreat
(Figure 4) in T5–T8.
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4.2. November 2022 Landslide

The landslide event of 26th November 2022 can be classified as a debris avalanche [43].
This phenomenon created a remarkable cliff retreat (about 19 m, Table 3) and a consequent
enlargement of the beach area. This was due to the formation of a crown area in an inner
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portion of the cliff and by the consequent invasion of the beach due to the deposition area,
where debris and large blocks (up to 5–6 m3 of volume) can be found.

This landslide event was characterised by two drone surveys, obtaining orthophotos
and 3D models, which were used to analyse the evolution of the landslide body. The area
of the debris avalanche was measured from the two orthophotos (Figure 6), with values of
2828 m2 in 2022 and 2177 m2 in 2023 (Table 5).
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Table 5. Quantified areal and volume data of the 26th November 2022 landslide.

Time
Interval

Landslide
Area

Average
Erosion

Thickness

Average
Deposition
Thickness

Eroded
Volume

Deposited
Volume

m2 m m m3 m3

2009–2022 2828 −10.5 4.6 29,700 13,000

2022–2023 2176 −1.2 0.3 2600 650

The DEMs produced from field surveys in 2022 and 2023 were compared with each
other and with the 2009 DEM, which represents a pre-landslide baseline. The resulting
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DoDs were analysed to estimate the mobilised volumes and to identify the areas of erosion
and accumulation. The comparison with the pre-landslide model (2009) defines a clear
separation between the crown and the deposition areas (Figure 6a). In this case, an eroded
volume of 29,700 m3 and a deposited volume of 13,000 m3 were estimated from the DoD
(Table 5), assuming average values of thickness of 10.5 m eroded and 4.6 m deposited.

Successively, the 2022–2023 DoD was computed, and a different scenario was observed.
In this time range, the original crown area underwent minor movement of material, while
the landslide toe showed high erosion (Figure 6b), mainly due to the action of the waves.
In this case, the estimation of the eroded volume was 2600 m3, and the deposited volume
was 650 m3 (Table 5), with an average eroded thickness of 1.2 m and an average deposited
thickness of 0.3 m.

5. Discussion

In this study, the morphoevolution of the coastal area of Maronti Bay (Ischia Island)
was investigated over a period of 25 years. This analysis enabled the quantification of
the cliff retreat rates and the variation of the beach width. The cliff showed constant
regression through the years, with higher rates in the central sector of the analysed cliff
(T4–T6, Figure 4). In general, the cliff retreat rate underwent remarkable acceleration in
recent years (2022–2023), with average cliff retreat rates of 36.5 cm year−1 in 2015–2022
and 61.2 cm year−1 in 2022–2023. Also, it should be considered that the 2015–2022 time
interval underestimates the November 2022 landslide contribution, since the total cliff
retreat registered is divided for the time range. The observed cliff retreat increase is mainly
due to the landslide activity that started in 2019, had a main event on 26 November 2022,
and is still active.

The evolution of the beach width showed an alternation of regression and progradation
trends. In detail, the regression trends (the negative parts of the chart in Figure 5) can be
correlated with the cliff retreat trends (Figure 4). In fact, the areas where the highest cliff
retreat rates were registered (T4–T6) showed lower beach regression rates with respect to
the other transects. The trends of beach regression and progradation showed low or no
correlation with the cliff retreat rate, with the increase/decrease of beach width alternating
independently of the cliff.

The total balance of the 25-year comparison (Figure 7) showed that the cliff retreated
from a minimum of 3.0 m (T9) to a maximum of 29.1 m (T6), while the beach increased
in width in the central part of the analysed area (T6, 10.0 m) and displayed a maximum
decrease of 4.4 m (T9). This shoreline evolution can be considered as part of the same
process observed by Giordano, Ferrante, Marsella and Vicinanza [37], who found that the
area of Maronti is characterised by strong seaward sediment transport.
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The effects of coastal erosion should be considered as primary elements increasing the
risk of coastal landslides. Young et al. [44] showed that areas characterised by frequent
wave impacts undergo higher (up to five times) sea cliff erosion rates, although rain usually
represents the main trigger. Therefore, the prediction of landslides in such environments is
strictly connected to the assessment of the magnitude and rate of coastal erosion [45].

The landslide event of 26 November 2022 represented a main event within a complex
deformation process that started in 2019 and is still ongoing. The 2009–2022 DoD analysis
provided a pre-landslide comparison, allowing us to estimate the total mobilised volume at
about 29,700 m3. On the other hand, the 2022–2023 DoD highlighted the current reactivation
of the landslide, with deposition of new material in the proximal part and erosion by the
wave action in the distal part (toe).

In both cases, the total mobilised volume is not as directly distributed as the deposited
one (Table 5), defining a difference in volume (56% and 75% of the total eroded volumes
in 2009–2022 and 2022–2023, respectively). These different results can be explained by the
actions of the different processes. In the first time interval, the erosion volume was mainly
due to the landslide events and, in a minor part, to the wave action. Conversely, in the
second time interval, the eroded volume was determined mainly by the wave action. The
role played by the wave action was confirmed by the wind data collected from the Naples
monitoring station (ISPRA) for the 2010–2023 interval (Figure 8). These data showed that
the winds from the SW represented the most intense (up to 13.9 m s−1) winds affecting
the coastal area of Maronti. Also, the sea storm recorded in the 1998–2003 time interval on
Maronti beach showed that the wave motion from the SW represented the most intense
(>3 m wave height) and frequent trend [37].
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In this study, a limitation of the approach adopted for the coastal erosion analysis is
the simplification of the coastal evolution processes, which are much more complex due to
interactions among sea cliff collapse, weathering, wave action, and sea level fluctuation [46].
However, such an approach for the assessment of erosion and retreat rates allowed us to
investigate the interactions of coastal processes and landslide activity.

The case study of Maronti Bay is a clear example of coastal erosion affecting the sea
cliff collapses with a retrogressive trend. In fact, the areas where the beach displayed an
increase in width in the 25-year analysis are strictly related to the debris production due to
the landslide and the consequent cliff retreat. Such evolution of the sea cliff represents a
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major hazard to the area above the cliff, which is intensely populated and hosts important
road network branches.

6. Conclusions

In conclusion, a combination of historical data, aerial photographs, cartography, and
VOM remote analysis provided a comprehensive understanding of the coastal cliff evolu-
tion and the impact of landslides in the study area that can be summarised as follows:

• This is a relevant case study for multi-hazards, as characterized by a high slope
instability as well as accelerated coastal erosion;

• In 25 years of historical analysis, the coastline mainly regressed despite the high
production of debris coming from the failures of the sea cliff;

• These two processes were strongly related, as the main morphogenetic agent of the
area was represented by the impact of the waves;

• The recent debris avalanche was studied in detail through the DoD approach, enabling
an estimation of the total mobilised volume of about 29,700 m3.

These findings are essential for a better understanding of the complex morphoevolu-
tion of Maronti Bay and the management of ground instabilities on the whole island. In fact,
this type of coastal hazard impacts a built environment as well as economic activities. The in-
sights from this research can be valuable in developing mitigation strategies and protective
measures to ensure the safety of residents and tourists in this multi-hazard environment.
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