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c Department of Information Engineering (DII), Università Politecnica delle Marche, Ancona, Italy
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A B S T R A C T

Coastal landslides in structurally complex and tourist-rich areas, such as the Monte Conero 
promontory in central Italy, pose signi.cant challenges to environmental stability and public 
safety. In these settings, complex landslides often involve deep-seated translational movements 
evolving into sudden debris collapses at the footslope, generating signi.cant hazards in beach 
areas heavily frequented by tourists. This study develops a conceptual, transferable model for 
complex landslide behavior in the Sirolo coastal sector in an integrated Hazard
–Exposure–Vulnerability framework. The hazard component is investigated by systematically 
integrating multi-source data, including COSMO-SkyMed and Sentinel-1 Differential Interfero
metric Synthetic Aperture Radar (DInSAR) data, in-situ inclinometer and piezometric time series, 
and high-resolution geological and geomorphological .eld mapping. Rainfall analyses and an 
Extreme Rainfall Periodic Index (ERPI) were used to explore the correlation between precipita
tion distribution and kinematic responses of the slope, offering an empirical insight into seasonal 
hazard modulation. To assess exposure, we developed a deep learning model to estimate beach 
attendance using limited Google Earth imagery (5 useable acquisition dates, moderate resolu
tion), calibrated with regional tourism statistics, enabling a spatially and temporally explicit 
assessment of human presence. Finally, to explore vulnerability, a face-to-face survey was carried 
out to document gaps in visitor awareness of risk and civil-protection procedures. This integrated 
approach offers enhanced predictive capacity and supports targeted mitigation and communi
cation measures in coastal environments characterized by complex landslides and intense sea
sonal human activity. To the authors knowledge, this is the .rst study integrating geological 
monitoring, rainfall indices, satellite data, deep learning-based exposure, and tourist risk 
perception into a systemic coastal landslide risk framework.
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1. Introduction

Coastal landslides in tourist-rich regions pose a signi.cant threat to both environmental integrity and societal safety, especially 
when they exhibit a complex behaviour that combines deep-seated translational movements and rapid debris failures [1,2]. Coastal 
slope processes may evolve either into paroxysmal and catastrophic events [3], and/or exhibit a persistent, slow deformation regime 
[4–6]. In coastal environments, landslide susceptibility is strongly inFuenced by the interplay between cliff rheology and the 
litho-structural framework, as well as by external forcing factors, such as intense rainfall, seismic activity, storm-induced wave loading 
and sea-level Fuctuation [7]. In this regard, the role of footslope processes in complex landslides is increasingly recognized as a key 
component in understanding slope failure evolution, especially in multi-stage events common to structurally complex terrains such as 
the Apennines. The toe, or footslope zone, does not simply act as a passive depositional area but actively interacts with the main 
landslide body through both mechanical and hydrological coupling. For instance, Cotecchia et al. [8] illustrate how .ssured clay-rich 
terrains exhibit weakening and increased permeability at the footslope due to creeping deformation and fracturing, emphasizing that 
atmospheric, vegetation, and rainfall interactions inFuence pore pressure variations down to deep layers, con.rming footslope 
involvement in deep-seated slope movements [9]. In many cases, this segment of the slope becomes the .rst to fail due to the com
bination of stress transfer from the upper slide mass and its own morphological and hydrogeological vulnerability. Moreover, in coastal 
settings, footslope sectors are often subjected to additional destabilizing forces induced by marine erosion, which can progressively 
undercut the slope toe, reduce basal support, and thereby enhance the likelihood of collapse even in the absence of active movement in 
the upper landslide body. As shown by Chen et al. [10], in.ltration from upper-slope runoff into the lower slope can signi.cantly lower 
the Factor of Safety in the toe area, particularly when combined with delayed pore pressure dissipation. This phenomenon is often 
observed even in the absence of active movement in the upper mass, indicating a potential for localized footslope failures to act as 
precursors to larger-scale mobilization. Studies such as those by Luino and De Graff [11], show that the evolution from deep-seated 
sliding to footslope debris collapse follows a predictable progression, wherein load transfer and strain accumulation in the toe ulti
mately exceed its strength threshold, producing abrupt detachment and rapid downslope motion. Such toe failures, in turn, feed back 
into the main landslide system, contributing to episodic accelerations or reactivations. Furthermore, hydrogeological models of 
complex landslides with dual aquifer systems, featuring an uncon.ned aquifer in the slide mass overlying a con.ned unit, demonstrate 
that overpressure in the lower unit can initiate failure at the toe, especially along permeability contrasts and lithological discontinuities 
[12]. The conceptual framework for gravitational slope evolving into translational slides and ultimately cascading into debris-Fow or 
fall at the slope toe is well supported by studies in Italy and beyond [9,10 and references therein]. In such multi-stage failures, hy
dromechanics plays a key role; research in the northern Apennines shows how dual groundwater units in uncon.ned, fracture-.lled 
slide body overlaying a con.ned unit, govern permeability changes and thus inFuence mobilization of deep translational masses [12,
13]. This insight is particularly relevant in the Mediterranean climate of Conero, where seasonal recharge and fractured carbonate 
bedrock establish dynamic pore-pressure conditions.This context provides the peculiar setting for a compound risk physically driven 
by complex slope processes and socially ampli.ed by large, transient, and often unfamiliar visitor populations. Indeed, risk results from 
the interaction of hazard, exposure, and vulnerability [14]: here, the hazard is the seasonal kinematics that range from slow trans
lational movements to sudden footslope collapses; exposure reFects the daily crowding of beach users in con.ned coastal strips; and 
vulnerability stems from the limited knowledge and preparedness among non-resident users. From a behavioural standpoint, people’s 
protective decisions depend not only on threat appraisal but also on response ef.cacy, self-ef.cacy, trust, and prior experience 
[15–17]. Studies focusing on tourist populations con.rm gaps in hazard knowledge and evacuation intent in coastal contexts [18,19] 
and show that disaster-related risk perception shapes travel intentions and compliance with advice [20,21]. Moreover, unlike resi
dents, empirical work in coastal settings shows that tourists frequently under-detect or misinterpret hazard cues and safety signage at 
beaches and rocky coasts, depressing situational awareness and delaying protective action [22–24]. On rocky coasts speci.cally, risk 
management gaps and the need for dedicated frameworks are well documented [25–27]. Accordingly, integrating the tourism sector 
into emergency-management structures is repeatedly recommended to improve readiness and communication along popular coasts 
[28].

In the Mediterranean area, seasonal tourism creates pronounced spikes in coastal landslide exposure. This issue is particularly 
relevant in the Municipality of Sirolo (Marche Region, central Italy), a small coastal town located on the eastern slopes of Monte 
Conero, overlooking the Adriatic Sea. Despite its limited resident population, approximately 4100 inhabitants according to ISTAT 
[29], Sirolo is a renowned summer destination. In 2023 alone, it attracted over 55000 tourist arrivals [30], with daily peaks 
concentrated in the narrow stretch of cliff-backed beaches such as San Michele and Sassi Neri. The strong seasonal inFux of 
non-resident visitors, combined with the morphological sensitivity of the coastal slopes, creates a critical interface between hazard and 
human exposure. Here, the IFFI project, that is the Inventory of Landslide Phenomena in Italy [31], shows that in the coastline north to 
Sirolo, complex landslides composed by translational slides evolve into abrupt detachment and collapse of a 10 m thick debris at the 
footslope, resulting in large trenches and substantial morphological changes. Given the fractured carbonate lithology and seasonal 
hydrological regime of the Conero promontory, the footslope is not only a zone of morphological change but also a mechanically 
sensitive component of the landslide system. Its evolution can critically alter the stability of the entire slope, necessitating focused 
monitoring and modeling to assess both short-term hazard and long-term morphodynamic adjustments. To effectively address both the 
physical processes governing slope instability and their societal implications, particularly in densely visited coastal areas, we 
implemented a multi-disciplinary approach that integrates: (i) multi-sensor satellite-based Differential Interferometry Synthetic 
Aperture Radar (DInSAR) time series; (ii) in-situ monitoring (inclinometers and piezometers); (iii) high-resolution geomorphological 
and structural .eld surveys to map surface evidence of instability; (iv) rainfall trend analysis using the Extreme Rainfall Periodicity 
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Index (ERPI); (v) dynamic exposure estimates derived from image-based deep-learning counts of beach users, calibrated against 
of.cial tourism statistics; and (vi) an on-site survey of visitor risk perception administered during the peak season. Rainfall analyses, 
supported by the evaluation of an ERPI, were incorporated into the study to investigate the potential correlation between precipitation 
distribution along the years and the slope kinematics. These analyses provided crucial inputs for the development of a site-speci.c 
conceptual model, enhancing the understanding of seasonal triggering conditions and their role in controlling the transition from 
slow deformation to sudden failure. Central to our approach is the development of a deep learning model designed to estimate seasonal 
tourist presence based on image-derived data, which was subsequently calibrated and cross-validated against of.cial regional tourism 
statistics. This exposure model enables a spatio-temporally explicit representation of population distribution along the beach, offering 
critical insight into the temporal overlap between hazard occurrence and human presence.

These data streams are synthesized into a site-speci.c conceptual model that highlights the seasonal modulation of slope activity 
and its implications for landslide hazard. Fig. 1 illustrates the conceptual integration framework implemented in this study, showing 
how landslide phenomenological knowledge informs risk evaluation and management through exposure and vulnerability assess
ments. The framework is structured around three interconnected spheres (hazard, exposure and vulnerability, and risk) providing a 
comprehensive understanding of geological hazards and a practical tool for local authorities and public agencies. This approach ac
counts for both permanent and transient populations, such as tourists visiting coastal areas. Each sphere employs a multi-method 
approach. Hazard assessment combines rainfall trend analysis (ERPI), geological and hydrogeological monitoring, and remote 
sensing of surface processes. This data feeds into slope dynamics and collapse predictions. Exposure and vulnerability integrate human 
factors, including beach-occupancy (estimated via deep learning) and tourist risk perception (collected through on-site surveys). 
Together, these components form an integrated systemic risk assessment, establishing a robust knowledge base to support informed 
coastal landslide risk management.

As previously mentioned, while individual components of this problem, such as landslide monitoring, rainfall trend analysis, 
exposure estimation from imagery, and tourist risk-perception surveys, have been explored in prior studies, they are rarely integrated 
into a single, decision-oriented framework tailored to tourist beaches affected by complex landslides [25,32,33]. To the best of our 
knowledge, no previous studies have jointly integrated geological and hydrogeological modelling, remote sensing data, deep learning 
methods, and on-site tourist risk perception analysis in a Mediterranean coastal landslide context. Our contribution is to operationalize 
this integration for the Sirolo sector of Monte Conero, a Mediterranean coastal hotspot where climate change is expected to intensify 
extreme rainfall and associated slope instabilities [34], in order to support Disaster Risk Reduction (DRR) and risk communication. The 
workFow links process-based hazard understanding with dynamic exposure and visitor behavior, yielding a decision-oriented 
framework that informs targeted measures (e.g., signage and access management, seasonal monitoring priorities, and focused pub
lic messaging). Although tailored to Sirolo, the design is modular and data-independent, making it readily transferable to other 

Fig. 1. Conceptual diagram showing how the systemic integration framework for landslide risk was implemented in this study. The framework links 
Hazard (rainfall trends, monitoring, remote sensing) with Exposure & Vulnerability (deep-learning exposure estimates, visitor risk perception) to 
support Risk evaluation and mitigation actions.
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cliff-backed beaches with comparable geomorphological and touristic conditions. In a region widely recognized as a climate-change 
hotspot [35,36] such integrated hazard–exposure–risk frameworks are increasingly relevant for anticipating toe-collapse windows and 
underpinning site-speci.c mitigation strategies in seasonally crowded coastal environments.

2. Geological setting and structural features of the area

The Monte Conero is primarily characterized by an active cliff, the morphology of which is intimately linked to the structural and 
lithologic features of the bedrock. It represents the emerged part of an imbricate fan of west-dipping thrusts, which constitute the 
outermost portion of the Apennine fold and thrust belt.

Tectonic deformation associated with the Apennine orogenesis led to the emergence of the promontory starting from the Early 
Pleistocene [37], causing folding and fracturing of the sedimentary rocks occurring in the area. The Monte Conero structure is an 
anticline with a NNE trending fold axis. The southern sector of the Monte Conero anticline consists of an ENE-verging, inclined to 
overturned fold. Its western limb dips gently to the WSW, whereas the eastern limb is steep to vertical, to locally overturned. To the 
north, NE-SW striking faults separate the main anticline from adjacent minor folds and thrusts, including a westward 

Fig. 2. a) Geological map of the Monte Conero with indication of the study area b) geological cross-section (modi.ed from Ref. [41]).
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Fig. 3. Geological map of the study area with the monitoring layout and interpretative schematic geological sections.
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anticlinal-synclinal pair offset by NW-SE trending minor discontinuities (Fig. 2). These minor discontinuities include both reverse and 
strike-slip faults, such as the E-W trending fault near Fosso Fontanaccia (west of Portonovo, Fig. 2) and several N-S or NE-SW striking 
faults that inFuenced valley formation in the region [38]. In some areas, these fault sets delineate the boundary between 
carbonate-dominated formations to the south and marly Miocene units to the north (from the Bisciaro-Schlier Formation to lower 
Pliocene marls and sands). The Miocene units are deformed into minor folds and thrusts with ENE vergence, consistent with the 
regional shortening. Recent tectonic activity affecting the Monte Conero ridge since the early Pleistocene [39,40] modi.ed the pre
vious fold-thrust belt tectonic setting. The related faults mostly display minor displacements.

The Tithonian to Aptian Maiolica limestones, exposed in the core of the asymmetrical Monte Conero anticline and offset by E-W 
striking faults, represent the oldest outcropping rocks along the coastal area of the Marche region). Numerous authors have also 
highlighted the presence of pre-orogenic structures at both mesoscale and regional scale [40,42,43]. Synsedimentary faults can be 
assumed as the responsible for the differences in the lithological terms of the Umbria-Marche succession. In fact, here the almost 
complete stratigraphic Umbria-Marche succession (Auctt.) overlying the Maiolica Formation (Fm.) includes the Marne a Fucoidi Fm. 

Fig. 4. a) Near-vertical cliff showing the contact between the eluvial-colluvial cover and the underlying bedrock, with clear signs of toe erosion due 
to marine action. b) and c) Deep tensile crack along the cliff edge, indicating active displacement and potential toppling or sliding mechanisms.
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(that is considerably thinner than that generally observed elsewhere in the Umbria-Marche Apennines), while both the Scaglia Bianca 
Fm. and the Bonarelli level are missing [38]. The Marne a Fucoidi Fm. are directly overlain by the Scaglia Rossa Fm., which passes to 
the Scaglia Variegata. The stratigraphically overlying Scaglia Cinerea, showing a thickness of about 40 m, characterizes the cliff of the 
San Michele - Sassi Neri beach. Above these formations, the marly units of the Bisciaro and Schlier Fm. and extensive Quaternary 
deposits, including detrital, alluvial, and colluvial materials, are present.

All these tectonic and lithostratigraphic features played a key role in shaping the relief, inFuenced by varying climatic conditions, 
and have signi.cantly impacted the evolution of the Monte Conero ridge, particularly through the erosive force of the sea and the effect 
of gravity.

3. Landslides characteristics and geomechanical data

The Monte Conero coastal area, located in the Marche Region (central Italy), exhibits widespread landslide activity, involving both 
rockslides and landslides in loose deposits. These phenomena are particularly concentrated near steep marine cliffs shaped by active 
erosion. In these zones, slope gradients are most pronounced at lower elevations due to wave action, while upper sections of the slope 
tend to be gentler, having been modi.ed by surface erosion and Fuvial processes [37]. In this study, a detailed geological and 
geomorphological survey was carried out to identify active and relict landslides at the surface, as well as to characterize the local 
geology. The results of this survey are summarized in the geological map and related sketch cross-sections (Fig. 3), which illustrate 
both the stratigraphic setting and the spatial distribution of slope instabilities along the coastal section between Sassi Neri and San 
Michele beaches (Fig. 4a). In this sector, slope failures are closely linked to the complex geological setting, where tectonically 
deformed and weathered bedrock is overlain by weak eluvial-colluvial deposits (up to 10 m thick) forming near-vertical cliffs (Fig. 4b), 
which are particularly susceptible to wave-induced undercutting. The bedrock primarily consists of the Scaglia Cinerea Fm., that has 
undergone signi.cant tectonic disruption and alteration, resulting in reduced rock mass quality with a Geological Strength Index (GSI) 
between 25 and 40. Above this, borehole investigations (Fig. 3 and Table 1) have identi.ed a colluvial/landslide deposit layer with 
variable thickness between 5.3 and 11.4 m, composed of unconsolidated materials with low mechanical strength. Geotechnical lab
oratory analyses [44] categorize the detrital cover as a silt of low plasticity (ML), based on Atterberg limits plotted on the Casagrande 
chart. The Scaglia Cinerea Fm. itself comprises .nely layered marly limestones and marls, with increasing marl content toward the top. 
Its mechanical response ranges from that of a weak rock, showing uniaxial compressive strengths between 20 and 25 MPa, that of a 
granular material when highly weathered or fractured. Degradation of the rock matrix produces .ne-grained materials still classi.able 
as low plasticity silts.

The comparative analysis of boreholes D, C, I, H, and G (Table 1 and Fig. 3) reveals signi.cant stratigraphic and geotechnical 
variability across the landslide sectors. The colluvial deposits exhibit notable differences in thickness and composition. Boreholes D 
and I, located at the same elevation, show substantially thicker colluvial layers/landslide deposits (11.4 m and 13.1 m respectively, 
Fig. 4b), suggesting signi.cant reworking and accumulation of landslide material in these zones. In contrast, Borehole C presents a 
thinner colluvial cover (5.5 m), composed of heterometric and chaotic materials with low compaction, indicative of more recent and 
unstable depositional processes. Boreholes G and H also reveal colluvial or landslide-related deposits, with G showing 5.3 m of chaotic 
material composed of calcarenitic pebbles and marly-limestone gravels in a clayey-silty matrix with brownish .ne sands, and H 
recording 7.2 m of clayey silts with sand and marly gravels, including blocks of marls and calcareous marls, reFecting medium to low 
compaction conditions.

The underlying weathered bedrock, corresponding to the Scaglia Cinerea Fm., occurs in all boreholes with thicknesses ranging 
between approximately 6.9 and 11.7 m. High degrees of fracturing and weathering occur in the intervals between approximately 5.5 m 
and 18.5 m, with very poor rock quality in some zones (RQD = 0 %), especially between 11.4 m and 21.7 m in Borehole D. In Borehole 
C, the weathered bedrock is characterized by oxidized zones and poor to moderate consistency, while Borehole I reveals a transitional 
contact marked by a thin, highly fractured yellowish marl layer indicating a shift toward more competent lithologies. In Borehole H, 
the weathered bedrock (7.8–18.5 m) consists of marls and calcareous marls with moderate weathering and fracturing, including 
fractured zones at speci.c depths (14.5, 15.5, 17.3 m). Borehole G weathered section (5.3–9.2 m) shows alternations of marls and 
weathered calcareous marls with hazelnut color, greenish hues, and yellowish and/or bluish veins, with moderate weathering and a 
highly fractured zone between 7.9 and 9.2 m. Below the weathered bedrock, the unweathered bedrock interval of the Scaglia Cinerea 
Fm. extends from depths of approximately 12 m to the bottom of each borehole. This unit displays a high variability in fracturing 
degree, with RQD values ranging from 0 % to 90 % across all sites. Fracture dips vary widely from subvertical to sub horizontal 
orientations, affecting rock mass quality. Borehole H shows grey-greenish marly limestones with blackish carbonaceous inclusions 
interbedded with fractured marls bearing calcite (18.5–30.2 m), exhibiting low fracturing and high RQD values (70–100 %), with 
bedding dips of about 20◦. Borehole G records a thick sequence from 9.2 to 36.0 m of grey-greenish marly limestones with blackish 
carbonaceous inclusions, with moderate fracturing and highly fractured zones (RQD 60–100 %), including a notably fractured interval 
between 13.9 and 18.8 m with fractures dipping between 5◦ and 10◦ and up to 80◦, sometimes .lled with silty clays. The co-location of 
Boreholes D and I at the same elevation allows for reliable stratigraphic correlation, con.rming consistency in the thickness of both 
colluvial and weathered units while highlighting variations in rock fabric, fracturing intensity, and mechanical properties within the 
deeper bedrock. Inclusion of Boreholes G and H expands the spatial understanding of the stratigraphic framework and geotechnical 
characteristics, illustrating local heterogeneities in lithology, weathering state, and fracturing patterns that are critical for landslide 
risk assessment.

From a kinematic perspective, the landslides affecting the area between Sassi Neri and San Michele beaches can be classi.ed as 
complex landslides. These slope instabilities develop within a thick heterogeneous deposit, generally described as eluvial-colluvial 
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Table 1 
Boreholes interpretation with an overview of stratigraphy, lithology, weathering and rock mass quality.

Stratigraphic 
Unit

Borehole Landslide Depth 
Interval 
(m)

Thickness 
(m)

Lithology Weathering/ 
Fracturing

RQD (%) Notes

Colluvial and 
landslide 
deposits

D Silvio 
North

0–11.4 11.4 Clayey-silty soils with 
variable gravel content

– – Low consistency

C Silvio 
South

0–5.5 5.5 Chaotic deposit of grey- 
bluish silty clays and 
clayey silts with 
yellowish-brown hues 
and .ne hazel-coloured 
sands, containing 
greyish calcareous- 
marly to marly gravels.

– – Low consistency

I Silvio 
South

0–13.1 13.1 Clayey silts with sand 
and marly gravels

– – Medium to high- 
consolidated

H Saletto 0.6–7.8 7.2 Clayey silts with sand 
and marly gravels with 
blocks of marls and 
calcareous marls

– – Low to medium 
compaction

G Marco 0–5.3 5.3 Chaotic material 
composed of 
calcarenitic pebbles 
and marly-limestone 
gravels in a clayey-silty 
and silty-clayey matrix, 
with the presence of 
brownish .ne sands

– – Medium compaction

Weathered 
Bedrock

D Silvio 
North

11.4–18.3 6.9 Grey to brownish-grey 
marls and calcareous 
marls (Scaglia Cinerea 
Fm.)

Highly 
fractured, 
extremely 
weathered

0 % Extremely poor rock 
quality

C Silvio 
South

5.5–12.4 6.9 Grey-bluish marls and 
calcareous marls, 
locally oxidized 
(Scaglia Cinerea Fm.)

Highly 
weathered, 
oxidized zones

– Transitional zone, 
signi.cant weathering, 
low consistency

I Silvio 
South

13.1–24.0 10.9 Marls and calcareous 
marls (Scaglia Cinerea 
Fm.)

Intensely 
fractured, 
variable 
weathering

20–60 % Thin yellowish marl at 
23.7–24.0 m as 
transitional layer

H Saletto 7.8–18.5 10.7 Marls and calcareous 
marls (Scaglia Cinerea 
Fm.)

Moderate 
weathering

– Fractured zones at 
14.5, 15.5, 17.3 m

G Marco 5.3–9.2 3.9 Alternations of marls 
and weathered 
calcareous marls, 
hazelnut in color with 
greenish hues and 
yellowish and/or bluish 
veins (Scaglia Cinerea 
Fm.)

Moderate 
weathering

– Highly fractured zone 
between 7.9 and 9.2 m

Unweathered 
Bedrock

D Silvio 
North

18.3–28.0 9.3 Marls and calcareous 
marls (Greyish with 
greyish and/or 
yellowish hues and 
brownish smears on the 
surfaces) 
(Scaglia Cinerea Fm.)

Highly 
fractured, low 
weathered

0–70 % Fractures dip angle 
15◦–45◦, bedding 15◦. 
High fractured zone 
(RQD = 0 %) between 
20 and 21.7 m

D Silvio 
North

28.0–31.0 3.0 Vinaceous to greenish- 
grey marly limestones 
(Scaglia Variegata Fm.)

Moderate 
fracturing

30–80 % Fractures dip 30–70◦

D Silvio 
North

31.0–54.5 23.5 Marly limestones 
interbedded with 
decimetric levels of 
greenish-grey marls 
(Scaglia Cinerea Fm.)

Moderate 
fracturing

30–80 % High variability of 
fracturing degree, 
fractures dip between 
30◦ and 70◦

C Silvio 
South

12.4–20.7 8.3 Compact grey-blue 
marls and calcareous 
marls (Scaglia Cinerea 
Fm.)

Pervasively 
fractured, 
structurally 
heterogeneous

20–70 %, 
mostly 
20–55 %

Poor to moderate rock 
mass quality

(continued on next page)
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material interbedded with relict landslide deposits, which rests upon the bedrock of the Scaglia Cinerea Fm. (Fig. 3). The landslides 
exhibit a dual kinematic behaviour: in the upper portion of the slope, movement initiates as a translational slide, whereas in the lower 
sections, it evolves into footslope dynamics dominated by rockfalls. As clearly shown in Fig. 4c and d, deep trenches exceeding 1 m in 
width are present in the downslope zones (also indicated in Fig. 3). These features represent the morphological expression of the 
landslide’s progressive movement at its toe.

4. Monitoring data

4.1. Subsurface monitoring: evidence from inclinometers and piezometers

Within the study area, three inclinometers have been installed to monitor ground displacements from 2006 to 2018: SD, SC and SI 
(Figs. 3 and 5). Inclinometer measurements were carried out using a bi-axial Sinco Digitilt probe (Model 50310900 – S/N 42715) 
equipped with servo-inclinometer sensors (sensitivity 1/25000 senα). Data processing was performed using DigiPro2 software (Ver. 
2.12.1.19169) by Slope Indicator Company. Fig. 5 shows ground deformation trends over time, highlighting both the total 
displacement (cumulative) and the changes between successive measurements (incremental) at each monitoring site, together with 
displacement over time at speci.c depths.

Cumulative displacement recorded by inclinometer SD over depth (upslope of Silvio North landslide, Fig. 5a) indicates that 
deformation is distributed across a broad interval, from approximately 0 to 21 m depth. Deformation was detected between 
approximately −11 m and −17 m depth. In the segment between −19 m and −21 m, displacement appears more localized, consistent 
with the presence of a deep-seated slip surface (Fig. 5b). At −20 m depth, a displacement of about 22 mm was recorded from near the 
beginning of the monitoring period, whereas the cumulative displacement over the −19 m to −21 m interval reached approximately 
50 mm (Fig. 5a). The displacement trend between 19- and 21-m depth (along the +30◦ axis) indicates that the movement has 
continued at a nearly constant rate over time, suggesting a persistent but stable deformation along the slip surface (Fig. 5c). Notably, 
however, the inclinometer SD also shows signs of acceleration starting from the end of 2012, highlighting a possible change in the 
deformation dynamics.

Inclinometer SI (upslope of Silvio South landslide) has recorded, since the beginning of monitoring (2006), a deformation of 
approximately 6.75 mm at a depth of around 25 m (Fig. 5e). Additionally, in the depth interval between −23.5 and −28.0 m, cu
mulative displacement has reached approximately 40.5 mm, with a clear trend of decreasing displacement rate over time. This 
inclinometer is located at approximately the same elevation as SD, and indeed both show deep-seated slip surfaces. The displacement 
trend between 23.5 and 28.0 m (along the +10◦ axis) illustrates a clear temporal evolution (Fig. 5f): from 2012 to 2018, displacements 

Table 1 (continued )
Stratigraphic 
Unit 

Borehole Landslide Depth 
Interval 
(m) 

Thickness 
(m) 

Lithology Weathering/ 
Fracturing 

RQD (%) Notes

C Silvio 
South

20.7–30.0 9.3 Bluish-grey with 
greenish shades marly 
limestones and 
calcareous marls 
(Scaglia Cinerea Fm.)

Highly fractured 10–50 % Poor to moderate rock 
mass quality

I Silvio 
South

24.0–40.0 16 Interbedded marly 
limestones and 
calcareous marls (grey- 
greenish), fossiliferous 
(Scaglia Cinerea Fm.)

High variability 
of fracturing 
degree

20–90 %, 
generally 
high

Bedding dips 10◦–15◦, 
increased quality at 
depth

H Saletto 18.5–30.2 11.7 Grey-greenish marly 
limestones with 
blackish carbonaceous 
inclusions, interbedded 
with occasional levels 
of fractured marls 
bearing calcite (Scaglia 
Cinerea Fm.)

Low fracturing 70–100 % Bedding dips of 
approximately 20◦

G Marco 9.2–12.4 3.2 Marly limestones and 
calcareous marls of 
grey-greenish color 
with blackish 
carbonaceous 
inclusions (Scaglia 
Cinerea Fm.)

Moderate 
fracturing

60–100 % Intensely fractured 
(with dips ranging 
from subvertical to 
subhorizontal). In 
some cases, the 
fractures are .lled 
with silty clays

​ G Marco 12.4–36.0 23.6 Grey-greenish marly 
limestones with 
blackish carbonaceous 
inclusions; fractured 
(Scaglia Cinerea Fm.)

Moderate 
fracturing

60–100 % Highly fractured zone 
between 13.9 and 
18.8 m. Fractures dips 
5◦–10◦ to 80◦
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Fig. 5. Cumulative and incremental displacement pro.les for inclinometers SD, SI, and SC: (a, d, g) cumulative displacements; (b, e, h) incremental 
displacements. Displacement trends over time at selected depths: (c) 19.0–21.0 m (SD); (f) 23.5–28.0 m (SI); (i) 13.5–15.0 m (SC). Inclinometer axis 
orientation is reported.
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remained relatively low (below 10 mm), followed by a signi.cant acceleration reaching 40 mm in 2018.
Inclinometer SC (footslope of Silvio South landslide) registers movement in the upper 15 m, with the maximum cumulative 

displacement (up to ~18 mm) occurring between 3- and 15-m depth (Fig. 5g). The sharp transition in displacement suggests the 
presence of a shear zone or slip surface around 14–15 m depth (Fig. 5h), above which the landslide body is actively deforming. The 
displacement trend between 13.5 and 15.0 m (along the +5◦ axis) illustrates a clear temporal evolution (Fig. 5i): from 2006 to 2012, 
displacements remained relatively low (below 3 mm), followed by a signi.cant acceleration starting in late 2012. By the end of 2017, 
cumulative displacement in this zone had reached approximately 17 mm, indicating a transition from a slow-moving to an active 
deformation phase, potentially linked to slope destabilization processes or external triggering factors, such as intense rainfall.

To further investigate the role of hydrological inFuence (e.g., rainfall vs groundwater dynamics), Fig. 6 presents the temporal 
evolution of the daily precipitation vs. piezometric levels measured in three different locations within the Silvio North and Silvio South 
landslide bodies, spanning from September 2006 to April 2018. The data correspond to piezometers SC’, located at the footslope, and 
SD’ and SI’, situated in the upper part of the landslides. Over the monitoring period, SC’ displayed a slight but consistent rise in the 
piezometric level, with a positive trend slope of +8 × 10−4 m/month, suggesting a gradual increase in water table elevation at the 
lower part of the slope. In contrast, both SD’ and SI’ showed decreasing trends in piezometric levels, with slopes of – 1 × 10−3 m/month 
and – 9 × 10−4 m/month, respectively. This indicates a gradual deepening of the water table in the upper parts of the landslide, with 
the same order of magnitude as the increasing level of the footslope (SC’). Only the years 2010–2012 are marked by a lowering in the 
piezometric level of SC’ as a consequence of a prolonged hydrological dry period identi.ed also by other authors in central Italy and 
even at the national scale [45,46]. The contrasting trends between the upper and lower piezometers reFect differential groundwater 
recharge, highlighting variable responses to external hydrological forcing (e.g., precipitation).

Indeed, the Extreme Rainfall Periodic Index (ERPI, [47]) is developed to assess the effect of hydrological drought and heavy rainfall 
events over the long term and the monitoring period. In particular, the sum of precipitation on days with extreme events (above the 
95th percentile) is divided by the square of the sum of precipitation on days with rainfall exceeding 1 mm, thereby weighing extreme 
events in relation to the average rainfall on rainy days, this quantity is eventually multiplied by the long-term annual average pre
cipitation following Eq. (1). 

ERPI=

(

∑

m

1
Pd

)

>95th
[(

∑

m

1
Pd

)

>1mm

]2 x
∑

n

1
Py

n (1) 

Where: Pd is the daily rainfall; Py is the annual rainfall; m is the number of days; and n is the number of years.
The ERPI time series is analyzed over the period 1951–2018 (n = 68), through the Mann–Kendall test and Sen’s Slope estimator 

(MAKESENS) technique [48] and it reveals a statistically signi.cant increasing trend. The Mann-Kendall test yielded a standardized 
test statistic (Z) of 4.08 (p < 0.001), indicating a strong monotonic upward trend. The Sen’s slope estimator further con.rms this, with 
a median annual increase of 0.00265, and con.dence intervals at both the 95 % and 99 % levels remaining entirely positive (Fig. 7). 
These results provide robust evidence of a non-random, positive trend in the ERPI index over the long term. Furthermore, the years 
2006–2018 are marked by the higher ERPI values in its time series (0.86 in 2018, 0.87 in 2011, and 1.14 in 2009) suggesting that the 
altered rainfall dynamics, characterized by more extreme events, longer drought periods, and more intense storm rainfall, are limiting 
deep percolation and recharge toward the deeper layers and foster the recharge in shallower layers (Fig. 6). The decline in the 
piezometric level recorded in SC’ between 2010 and 2012 is also strongly associated with the decrease in ERPI values during the same 
period (except in 2011), a result that aligns with the dry conditions reported by other authors [49].

This effect is likely due to the reduced thickness of the unsaturated zone in the footslope area, which results in a shallower water 
table. This is consistent with the observed deposit thicknesses of 13.1 m and 11.4 m in sites SD’ and SI’, respectively, compared to only 

Fig. 6. Daily rainfall and piezometric levels monitored in SD’, SI’ (upper slope) and SC’ (footslope), with linear trend (dashed lines) and its angular 
coe between September 2006 and March 2018.
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5.5 m in site SC’. These .ndings align with groundwater patterns documented by Fronzi et al., [50,51] on the western oriented slope of 
Monte Conero. Consequently, a shift in hydraulic pressure from the upper to the lower slope is observed and single storm rainfall may 
contribute more signi.cantly to recharge with a short-term effect in the fooslope. In brief, while the upper slope of the landslide area 
shows a depletion of the groundwater level due to increased drought periods alternating with intense rainfall events, the footslope 
exhibits a rising groundwater table. This rise is likely driven by the temporal distribution and intensity of rainfall, with visible effects 
con.rmed by trench observations in the lower slope.

4.2. DInSAR data

The back-monitoring of the ground movements in the study area has been performed by analysing Differential Interferometric 
Synthetic Aperture Radar (DInSAR) data. This technique is a well-known and widely used method for detecting and monitoring slow- 
moving landslides [52,53]. Speci.cally, COSMO-SkyMed and Sentinel-1 data were used. The COSMO-SkyMed (CSK) data are provided 
by the Italian Ministry for the Environment, Territory and Sea by means of the national geoportal (Geoportale Nazionale—GN) and the 
CSK SAR images cover the period 2011–2014 including ascending (asc.) and descending (desc.) order of geometry and high-resolution 
X-band data [54]. The CSK SAR images were processed using the PSInSAR™ [55] and PSP-DifSAR approaches [56]. The Sentinel-1 
data are provided by the Copernicus European Ground Motion Service (EGMS) [57] and we used the .rst release of mid-2024, 
which offers ground displacement data for the period 2018–2022 with sensors in C-bands. This service allows to download three 
main products named as Basic, Calibrated and Ortho. The Basic products correspond to line-of-sight (LOS) deformation velocity and 
time series for each measurement point (MP). The Calibrated products are obtained starting from the Basic products and using a 
referenced to a deformation velocity model derived from GNSS data. Movements away from and toward the sensor mounted on the 
satellite’s board and the measurement point are indicated by negative and positive values, respectively. The Ortho products provide 
vertical and east-west (horizontal) displacements in 100 m × 100 m output resolution cells [58]. It is worth noting that the ERS1/2 and 
ENVISAT datasets from the Not-Ordinary Plan of Environmental Remote Sensing (Piano Straordinario di Telerilevamento Ambientale, 
PST-A) were also examined to assess ground movements for the periods 1992–2000 and 2003–2010, respectively. However, the 
measurement point density was insuf.cient to analyze earlier movements. Indeed, the study area includes several landslides char
acterised by the widespread presence of vegetation, that causes temporal decorrelation, affecting the identi.cation of stable measuring 
points [59]. As shown in Fig. 8, CSK and Sentinel-1 ascending and descending measuring points are detected in the Silvio North 
landslide, speci.cally in proximity of a local urbanized area, where inclinometer (SD) and piezometers (SD’) are available. However, 
the available data are available only for the period of the CSK data. In the period 2011–2014, this urbanized area records average LOS 
velocity of −11.03 ± 0.44 mm/yr and 5.8 ± 0.04 mm/yr, using CSK asc.and desc., respectively. In the period 2018–2022, the 

Fig. 7. Extreme rainfall and periodic index (ERPI) tested from 1951 to 2018 with the Mann–Kendall test and Sen’s Slope estimator, displaying 
con.dence values for 95th, 99th percentiles and residuals.
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Fig. 8. Distribution of ascending DInSAR measuring points from EGMS Sentinel-1 data in the study area (a). Figures (b) and (c) provide a zoom of 
the average LOS velocity rate measured using the COSMO-SkyMed and Sentinel-1 InSAR asc. datasets near the inclinometers and piezometers for the 
periods 2011–2014 and 2018–2022, respectively. (d) LOS displacement time series of the measuring points located in the Silvio North landslides.
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measured average LOS velocity is −9.20 ± 2.03 mm/yr and 3.13 ± 0.9 mm/yr, using Sentinel-1 asc.and desc. datasets. Considering the 
aspect of the slope (south-east-facing), this landslide can be better investigated using DInSAR data acquired in ascending geometry. 
Considering the CSK and Sentinel-1 datasets, all measurement points showed a LOS velocity higher than −2 mm/y for both acquisition 
periods of these satellites, con.rming that the landslide was active during the monitored periods as observed using the SD inclinometer 
measurements. The average cumulated displacements reach values of 20.81 ± 1.38 mm and 48.36 ± 9.24 mm in the period 
2011–2014 and 2018–2022, respectively. The EGMS ortho products gives insight about −4 mm/yr and 8 mm/yr for the vertical and 
east-west components. Therefore, the urbanized area in the Silvio North landslide shows higher values of the movements toward east. 
The displacement time series show linear trend of the ground deformation for the period 2011–2024, whereas non-linear trend is 
detected for the period 2018–2022.

4.3. Historical evidence of footslope processes

Toppling and collapse phenomena affecting the colluvial/landslide deposits of the Scaglia Cinerea Fm., extensively exposed along 
the coastal cliff (Fig. 4), have occurred repeatedly over recent decades, both with minor and major collapses. These footslope processes 
are not currently monitored by dedicated instrumentation. Nevertheless, the occurrence of major collapse events has been documented 
through .rsthand accounts from local residents, providing valuable qualitative evidence of slope activity.

Fig. 9. Evidence of major historical collapses (red dots) at the toe of landslide bodies in the San Michele–Sassi Neri beach area, triggered by heavy 
rainfall (a, c) and during dry periods (b).
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Fig. 9 presents four recorded collapse events that took place between 1995 and 2024, alongside daily rainfall data. A clear temporal 
correlation is observed between some collapses and high-intensity rainfall. Speci.cally, the events of 18 August and 25–26 August 
1995 occurred along with daily precipitation of 80 mm and 90 mm, respectively. Similarly, the collapse episodes of 18–19 September 
2024 were triggered during an extreme rainfall event, which registered 164 mm in 24 h, leading to two signi.cant failures along the 
shoreline. Conversely, the collapses recorded on 20 and January 23, 1996 were not preceded by substantial rainfall, suggesting that 
precipitation is not the sole triggering factor. It is highly likely that numerous smaller-scale collapse events have occurred over the 
years along the coastal slope. However, due to the absence of direct observations or documented eyewitness accounts, these minor 
failures have gone unrecorded. The collapses considered in this study are all events that directly impacted the beach, depositing debris 
that were subsequently reworked and redistributed by wave action and coastal erosion. These processes highlight the dynamic and 
evolving nature of the slope-beach system, where debris failure can be rapidly removed by marine processes, effectively erasing the 
geomorphic evidence of recent collapses. This underscores the need to implement a dedicated monitoring system for the coastal sector, 
aimed at systematically recording the frequency, magnitude, and spatial distribution of both major and minor failure events. Estab
lishing such a monitoring framework would not only improve hazard assessment but also enable a more detailed understanding of the 
triggering mechanisms, including but not limited to rainfall. Monitoring would allow for the investigation of additional controls such 
as rock mass fatigue, progressive fracturing, coastal toe erosion, and hydromechanical weakening, which may act in concert with or 
independently from meteorological forcing.

5. Exposure drivers and seasonal tourism

The exposure of coastal areas to tourism-related pressures strongly depends on the seasonal variation of occupancy rates. To better 
understand and quantify this aspect, remote sensing data can be used to estimate the distribution and intensity of tourist presence over 
time. In this framework, object detection is a common task in computer vision that involves identifying and localizing objects within an 
image through bounding boxes. YOLO (You Only Look Once) is a state-of-the-art object detection approach with a good balance 
between speed and accuracy. YOLO v11 [60] represents an evolution over previous versions. Unlike traditional approaches that use a 
two-stage detection pipeline, YOLO v11 performs object classi.cation and bounding box regression in a single forward pass, making it 
highly ef.cient for large-scale image analysis.

To enhance the model’s generalization capabilities and reduce over.tting, we employed different data augmentation techniques. 
We considered Fip (both vertical and horizontal) and rotation ( ± 15◦) and hue/saturation/value.

To build our dataset, we collected a series of high-resolution images of the area of interest using Google Earth. We started to analyze 
the available dates for the area of interest. Over 11 potential dates (from 2012 to 2024) only 5 have been used due to acquisition dates 
(we excluded winter, autumn, and early spring). Each image has been georeferenced and co-registered using QGIS Desktop 3.40.4 
using a wide set of target points to ensure a proper overlap between the images. Points have been selected in areas that are not subject 
to erosion/sea currents. The typical GSD of derived images was in the range 0.2–0.3m. The analysis was restricted to an area of 9ha 
(Fig. 10a).

The annotation process was designed to identify .ve different classes. 

• Parasol [feasible to detect]

Fig. 10. Orthophoto of study area with a red polygon that represents the study area (a), and example of tile with different annotated classes (b); the 
available classes are purple: parasol; green: person in water; red: person; orange: sunbed.
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• People-parasols [complex class due to image resolution and lack of details]
• Person [complex class due to image resolution and lack of details]
• Person in water [complex class due to image resolution and lack of details]
• Sunbed [complex class due to image resolution and lack of details]

We decided to annotate all these classes even if after .rst training of YOLO v11 model we discovered that classes as Sunbed, Person 
and Person in water achieved poor results. This is mainly attributable to poor resolution of the images. Even if the GSD was around 
0.3m, the quality was poor due to limitations of images derived from the web version of Google Earth. Before starting the training 
phase for each image, we decided to derive tiles (smaller size) to avoid issues during the inference phase. We selected 70 % of the 
images for training, 20 % for validation, and 10 % for testing. Fig. 10b shows an example of an annotated tile; a tile is an image of 
512x512px that represents a small portion of the study area. We used 200 epochs for training. On date 20130804 (Sunday) we detected 
1550 parasols; on 20160522 (Sunday) 248 parasols; on 20170831 (Thursday) 1350 parasols; on 20210622 (Tuesday) 1046 parasols 
and on 20230705 (Wednesday) 1026 parasols. The average precision by class (mAP50) for parasols was 77 %. From the analysis of 
collected images, we discovered that some images are characterized by poor quality (high distortion) impacting detection perfor
mance. It is also important to consider that for the same area the parasols could have different con.gurations over time depending on 
the day of the week (during the middle of the week some parasols are closed) also impacting the .nal counting. If we consider the date 
with the highest number of opened detected parasols, we can try to estimate the number of people. During the full season if we consider 
1 to 3 people/parasol this implies a maximum number of 4950 people. This estimation does not consider of course people on sunbed 
without a parasol that are usually present. The detection accuracy could be improved with more samples using higher quality images. 
The use of Google Earth image cannot ensure the same results of using high quality remotely sensed images (e.g. Pléiades) that will be 
evaluated in future works.

Two limitations apply to the data underpinning this approach. First, the estimation of tourist attendance could not be continuously 
validated against independent in-situ counts; as a result, the temporal .delity of the exposure signal is partial and would bene.t from 
systematic ground-based monitoring. Second, the YOLO-based detection was trained on a relatively small dataset constrained by the 
availability and resolution of Google Earth imagery, which limits model robustness and generalizability and indicates the need for 
larger and more diverse datasets in future applications. Acknowledging these limitations, we interpret exposure values conservatively. 
Nonetheless, the method offers the only reproducible, spatially explicit proxy of beach occupancy currently available for this site and 
thus a defensible basis for the risk analyses presented here.

6. Tourist awareness of landslide risk

6.1. Analyzing risk perception in a high exposure setting

According to their setting and their accessibility, San Michele and Sassi Neri are the signature “wild beaches” of the Sirolo coastline. 
We showed that on a peak summer day, the deep learning model counts of parasols and bathers peak to around 4950 people spread 
over just 22000 m2 of shoreline, a density of almost 0.225 beachgoers per square meter. As mentioned, in 2023, while Sirolo had a 
resident population of 4098 inhabitants, the town attracted a total of 55368 tourist visitors [61]. Consequently, summer tourism 
represents a signi.cant factor, inFuencing both the local economy and the risk dynamics. Indeed, whereas local residents might be 
aware that minor rockfalls are recurrent and that major collapses (e.g., the 1962 “Frana del Saletto”) can reach the swash zone and 
even determine the shoreline advancement [44], the vast majority of beach users are day-trippers or holidaymakers. Most of these 
visitors, who typically arrive via shuttle bus, hiking trails, or by boat, do not reside in Sirolo and therefore they might lack routine 

Table 2 
Content of the structured interviews administered to Sirolo tourists.

# Question Response options Rationale
1 Gender F/M/Other Gendered differences in risk perception.
2 Age <30, 30–40, 40–50, 50–60, >60 Life-experience effect.
3 Place of residence Open Resident vs non-resident.
4 “Floods are an exceptional event in Sirolo” Likert scale: 1 (strongly disagree) - 5 (strongly 

agree)
Mask the landslide topic.

5 “Landslides are an exceptional event in 
Sirolo”

Likert scale: 1 (strongly disagree) - 5 (strongly 
agree)

Core perception variable.

6 “Earthquakes are an exceptional event in 
Sirolo”

Likert scale: 1 (strongly disagree) - 5 (strongly 
agree)

Mask the landslide topic + explore coastal seismic risk 
perception.

7 Most frequently visited beach in Sirolo Open Targeting of communication.
8 “Trails to the beaches are easily walkable” Likert scale: 1 (strongly disagree) - 5 (strongly 

agree)
Access constraints, evacuation feasibility.

9 Mobility impairments (self/acquaintances) Yes/No Differential vulnerability.
10 Previous involvement in a natural-hazard 

event
Open Salience of past hazard experience.

11 Knowledge of the Sirolo civil protection 
plan

Yes/No Preparedness indicator
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familiarity with local slope conditions, hazard signs, and evacuation procedures. Paradoxically, the very features that make the beach 
attractive (seclusion, high cliffs, and remote access) also increase the vulnerability of these non-resident visitors in the event of a 
landslide. Their limited local knowledge, coupled with the narrow, funnel-shaped trails and the scarcity of escape routes, makes them 
particularly susceptible to risk during such events.

To better understand this vulnerability, we administered an 11-item face-to-face interview (Table 2) to non-resident visitors along 
beach access trails and shorelines, within the period July–September 2023. To limit selection and clustering biases, respondents were 
intercepted through systematic random sampling along pre-de.ned beach access trails and shoreline segments, proceeding at .xed 
spatial intervals and with at most one respondent per group until the target was reached. According to the Cochran formula for 
estimating sample size, adjusted for .nite populations [62], considering the most conservative variance assumption (p = 0.550), a 90 
% con.dence level, a 10 % margin of error and a population of 55.000 summer visitors, it is required a minimum sample of 67.57 
respondents (approximated to 68). The structured interviews were conducted in Italian, with a completion time of average 6 min, to 
ensure full comprehension of technical terms and to avoid language-related measurement bias and the responses were coded 
immediately on a tablet via an anonymized form. Responses were coded immediately on a tablet, anonymized and exported to a 
spreadsheet for descriptive statistics.

The interview followed a deductive structure that eased respondents from simple facts into increasingly focused reFections. It 
opened with a brief demographic investigation (questions 1–3) that asked only for gender, age and place of residence to sketch the 
sample pro.le without causing fatigue to the respondent. The second block (questions 4–7), shifted to perceptions and situational 
awareness. Three 5-point Likert statements (from 1 strongly disagree to 5 strongly agree) analyzed how exceptional respondents 
judged Foods, landslides, and earthquakes to be in the Municipality of Sirolo, while an open question identi.ed the beach they fre
quented most. Placing the landslide item beside two equally plausible hazards diluted any cue that it was the “real” topic, helping to 
curb priming bias. Finally, the survey deepened into practical vulnerability and preparedness (questions 8–11). A Likert item on trail 
walkability measured perceived ease of evacuation; a yes/no question captured any mobility impairments in the party; an open item 
recorded past experience with natural hazards; and a closing yes/no query probed awareness of Sirolo civil-protection plan. By 
progressing from straightforward facts through attitudinal judgments to concrete readiness, the survey kept respondents engaged 
while systematically reducing response bias.

The face-to-face survey captured 68 respondents. From a methodological perspective, the 68 completed interviews meet Cochran’s 
criteria for estimating simple proportions at the selected con.dence level. However, the dataset remains too limited for reliable 
multivariate modeling, so we report only descriptive results with con.dence intervals that are corrected for the .nite population. A 
larger follow-up survey, ideally with a doubled sample size, would enable interaction testing with suf.cient statistical power. That 
said, it is important to acknowledge the inherent challenges of surveying tourists, who are often dif.cult to engage in due to their 
relaxed, holiday-oriented mindset. Temporal coverage also warrants caution. Fieldwork took place in mid-summer, between late 
morning and late afternoon; early hikers and sunset bathers were missed, and their awareness pro.les might diverge. Lastly, the face- 
to-face setting, while excellent for response rates, may have encouraged socially moderate answers. An anonymous, QR-code self- 
administered version could test for social-desirability bias and reach tech-savvy visitors who avoid interviews.

From a demographic point of view, respondents of the interview were predominantly female, accounting for 56 % of the sample, 
compared to 41 % male respondents. An additional 3 % identi.ed as non-binary or preferred not to specify their gender, reFecting a 
modest but notable diversity in gender representation (Table 3a). Although females slightly outnumbered males, this difference is not 
substantial enough to suggest a signi.cant bias in the overall sample. Regarding age distribution, respondents demonstrated a marked 
skew toward younger visitors. Speci.cally, the largest age group consisted of participants younger than 30 years old, representing 35 % 
of the sample, followed by nearly equal proportions in the 30–40 (23 %) and 40–50 (26 %) age brackets. A smaller share of participants 
was found in the 50–60 age range (12 %), while respondents older than 60 constituted just 4 % of the sample, highlighting the 
predominance of a younger tourist demographic. Moreover, interviewees originated from .fteen Italian regions, ensuring strong 
geographical heterogeneity within the sample. Within the Marche region itself, the province of Ancona was the most represented, with 
18 respondents. Additionally, visitors from Tuscany, Lombardy, and Emilia-Romagna were particularly numerous, with Tuscany 
emerging as the single most represented region outside Marche. Nevertheless, the overall sample effectively mirrored the diverse 
geographical composition characteristic of Sirolo summer visitors.

Perceptions of hazard frequency revealed a substantial awareness gap among respondents (Table 3b). Remarkably, despite being 
interviewed directly in a cliffside environment beneath the clearly visible slopes of Monte Conero, respondents expressed considerable 
uncertainty regarding the rarity of landslides. Confronted with the key statement “Landslides are an exceptional event in Sirolo”, more 
than half (51 %) disagreed, implicitly suggesting their perception that landslides might not be rare occurrences in the area. However, a 
substantial portion of respondents (35 %) selected a neutral position, indicating either hesitation, uncertainty, or a lack of con.dence 
in their own knowledge. Only a minority (13 %) clearly agreed with the statement, explicitly perceiving landslides as rare phenomena. 
This pattern suggests that, while respondents do not fully reject the possibility of frequent landslides, they also encounter dif.culty in 
clearly identifying their frequency, potentially due to a lack of direct experience, limited information, or the deceptive tranquility 
presented by the scenic coastal landscape. Notably, the surveyed individuals predominantly consisted of habitual visitors to the study- 
area beaches of Sassi Neri and San Michele (38 % and 32 %, respectively). Thus, their uncertainty regarding landslide frequency 
appears even more signi.cant, given their prior familiarity with the local beaches and presumably higher awareness of the surrounding 
environment. The inclusion of additional masking items (regarding Foods and earthquakes) helped contextualize these results 
(Fig. 11). Responses to the statement "Floods are an exceptional event" displayed a different pattern, characterized by stronger 
disagreement: 41 % of respondents partly disagreed, while the share of uncertain respondents was lower (24 %). This likely reFects the 
familiarity with heavy-rain events within the Marche region. Conversely, perceptions regarding earthquakes yielded more evenly 
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Table 3 
Distribution of survey responses from tourists in Sirolo, presented as absolute frequencies (Total N = 68) and percentages (%) of the actual re
spondents. Table 3a reports demographic characteristics, Table 3b perceptions and situational awareness, Table 3c vulnerability and preparedness.

Response category N %
1 – Gender
Female 38 55.9
Male 28 41.2
Other/No answer 2 2.9
2 – Age class
<30 23 34.3
30–40 16 23.9
40–50 17 25.4
50–60 8 11.9
>60 3 4.5
3 – Place of residence (by region)
Marche (Ancona province) 18 27.3
Tuscany 7 10.6
Marche (other provinces) 6 9.1
Lombardy 6 9.1
Emilia-Romagna 5 7.6
Puglia 4 6.1
Abruzzo 3 4.5
Lazio 3 4.5
Liguria 3 4.5
Sicily 2 2.2
Piedmont 2 2.2
Veneto 2 2.2
Trentino Alto Adige 2 2.2
Other IT regions 3 4.5
Response category N %
4 – “Floods are an exceptional event”
1 – Strongly disagree 6 8.8
2 – Partly disagree 28 41.2
3 – Uncertain 16 23.5
4 – Partly agree 6 8.8
5 – Strongly agree 12 17.6
5 – “Landslides are an exceptional event”
1 – Strongly disagree 13 19.1
2 – Partly disagree 22 32.4
3 – Uncertain 24 35.3
4 – Partly agree 2 2.9
5 – Strongly agree 7 10.3
6 – “Earthquakes are an exceptional event”
1 – Strongly disagree 14 20.6
2 – Partly disagree 13 19.1
3 – Uncertain 18 26.5
4 – Partly agree 8 11.8
5 – Strongly agree 15 22.1
7 – Most frequently visited beach
Sassi Neri 26 38.2
San Michele 22 32.4
Urbani 16 23.5
Le Due Sorelle/other 4 5.9
c) Response category N %
VULNERABILITY AND PREPAREDNESS 8 – “Trails are easily walkable”

1 – Strongly disagree 3 4.5
2 – Partly disagree 13 19.4
3 – Uncertain 23 34.3
4 – Partly agree 8 11.9
5 – Strongly agree 20 29.9
9 – Mobility impairments
Yes 9 13.4
No 58 86.6
10 – Previous natural-hazard experience
Yes, earthquake 12 17.6
Yes, Food 3 4.4
Yes, severe storm/hail 3 4.4
No/No answer 50 73.6
11 – Knowledge of civil-protection plan

(continued on next page)
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divided responses, with 40 % disagreeing that earthquakes are exceptional, 34 % agreeing, and 26 % remaining uncertain. Such a 
balanced distribution indicates a moderate awareness of the actual regional seismic hazard.

For what concern the vulnerability of the respondents, opinions regarding accessibility and trail conditions were notably mixed 
(Table 3c). While nearly half of the participants (42 %) agreed that the trails were easily walkable, a considerable proportion (34 %) 
indicated uncertainty, choosing a neutral position. Additionally, nearly a quarter of the respondents explicitly disagreed (24 %), 
highlighting perceived challenges regarding the use of trials. In this context, it is notable that 13 % of respondents reported the 
presence of mobility impairments, either personal or involving someone within their group, further emphasizing accessibility con
cerns. Finally, preparedness levels among respondents emerged as alarmingly low. Virtually all respondents (99 %) indicated they 
were unaware of the local municipal civil protection plan, with only one person demonstrating knowledge of established emergency 
procedures. Furthermore, when considering previous natural-hazard experiences, about one-fourth of respondents (26 %) reported 
exposure to past hazardous events. Earthquakes were the most frequently mentioned (18 %), followed by Foods and severe meteo
rological events such as hailstorms, each cited by 4 % of participants. Signi.cantly, the majority (74 %) either had no such experience 
or did not respond. This low direct hazard experience, coupled with extremely limited awareness of the local emergency management 
procedures, indicates substantial vulnerability within this visitor population, despite their familiarity with the beaches themselves.

6.2. Interpreting the perception-exposure mismatch as a vulnerability

The results portray a picture of high physical exposure set against modest preparedness. Although thousands of people crowd the 
toe of an active cliff each summer day, 13 % of them believe landslides are “exceptional”, while one third remain unsure. In practical 
terms, approximately half of the beach users either underestimate or cannot adequately gauge the likelihood of slope collapse, 
revealing both an information de.cit and a classic optimistic bias, that is the common tendency among individuals to downplay risks, 
especially in recreational or holiday settings [63].

This gap can be better understood in light of psychological theories of risk perception. In fact, risk perception is not purely rational 
but involves physical, cognitive, and emotional components [16]. In the context of tourism and leisure, voluntary exposure and 
perceived control over one’s activities and surroundings can lead individuals to underestimate objective threats, perceiving hazards as 
less relevant or less likely to occur [64]. Slovic [16] posits that two main factors interactively shape public perceptions of risk: 
knowledge, that is familiarity and understanding of the hazard, and dread, namely the perceived severity of potential consequences. 
When a hazard is poorly understood but evokes fear, perception tends to be heightened. Conversely, in scenarios such as the Sirolo 
beaches, where landslides evoke low dread (due to the lack of direct experience) and are poorly understood by non-resident visitors, 
perceptions of risk tend to be notably lower. This is consistent with the observed uncertainty in respondents’ answers. Moreover, 
Bubeck et al. [15] highlight the critical role of personal experience with disasters in shaping accurate risk perception. The observed 
lack of any local landslide experience among interviewees signi.cantly weakens their hazard awareness and diminishes preparedness 
efforts. The absence of memory, familiarity, or direct encounters with slope instability thus contributes substantially to their 
vulnerability.

The mismatch is further ampli.ed by the non-resident composition of the tourist population. Most visitors, residing outside the 
municipality and region, have not developed familiarity with visual cues indicative of slope instability, such as surface cracks, dis
placed boulders, or vegetative shifts, which local residents might notice and interpret as signs of impending risk. Consequently, even if 

Table 3 (continued )
Yes 1 1.5
No 67 98.5

Fig. 11. Comparison of responses concerning perception and awareness of Food (blue), landslide (green), and earthquake (purple) hazards, based 
on interviewees answers to questions 4–6. The original Likert-scale statement was: “Floods/landslides/earthquakes are exceptional events in the 
Municipality of Sirolo”.
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hazard warnings or signage are present, visitors might overlook, misunderstand, or disregard them, perceiving such indicators as 
irrelevant or non-threatening elements of the natural landscape rather than urgent safety communications.

Furthermore, the substantial knowledge gap regarding municipal emergency plans greatly exacerbates this situation. With 99 % of 
respondents reporting no awareness of the local civil protection plan, evacuation strategies in a critical scenario would depend heavily 
on immediate external intervention by lifeguards, local authorities, or emergency alerts delivered digitally, rather than on prior in
dividual knowledge or self-organization.

Eventually, the observed behavioral data highlight practical constraints. With approximately one-quarter of respondents 
perceiving the access trails as dif.cult to traverse, and an additional one-third uncertain about trail conditions, a sizable fraction of 

Fig. 12. Conceptual model of landslide kinematic and hydrogeological conditions under long-term (a) and short-term (b) response to external 
triggering factors (i.e., precipitation).
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beach users might hesitate or experience dif.culty during emergency evacuations. Such hesitation could critically slow down evac
uation processes, heightening exposure and potential injury.

In summary, the identi.ed perception–exposure mismatch constitutes a signi.cant vulnerability. Tourists are physically exposed 
yet mentally unprepared or insuf.ciently aware of the risks associated with landslides. Addressing this critical gap through improved 
information dissemination, clear visual and textual warnings, and structured preparedness training is fundamental to strengthening 
community resilience and developing robust, effective Disaster Risk Reduction strategies for coastal tourism areas.

7. Discussion

7.1. Landslide mechanisms

The integration of hydrological and inclinometric monitoring (Fig. 5) enables the identi.cation of two distinct triggering mech
anisms of slope instability in the area, making it a singular case from a landslide hazard perspective. The .rst mechanism (Fig. 12a) is 
associated with prolonged drought periods, which results in limited recharge of the groundwater body of the landslide. This lack of 
recharge leads to a lowering of the piezometric level in the upslope sector and causes shrinkage of the clay matrix, leading to increased 
fracturing and higher permeability in the weathered bedrock (Table 1), as evidenced by Li et al. [65]. This long-term process induces a 
progressive decreasing trend in the piezometric levels observed in the upslope piezometers (SI’ and SD’), causing a gradual transfer of 
hydraulic pressures downslope (SC’) (Figs. 6 and 12a).

As a result, the upper slope sector of the landslide is subjected to permanent movements higher than −2 mm/yr, with a main 
translational horizontal component towards the sea, as supported by the opposite signs of the ground movements detected by the two 
satellite DInSAR acquisition geometries (i.e. asc. and desc.) and con.rmed by the inclinometric measurements. The long-term effect 
tends to increase pore pressure at the landslide toe even during dry periods. The second mechanism is related to the short-term 
triggering caused by intense rainfall (Fig. 12b), enhancing slope instability at the footslope of the landslide.

Indeed, individual extreme rainfall events or precipitation events occurring during particularly wet periods induce a response in the 
groundwater system, especially where the piezometric level is shallower (SC’, at the toe of the landslide, Figs. 6 and 12b), due to 
thinner colluvial/landslide deposits (Table 1 and Fig. 12). These events are linked to faster slope movements, such as those recorded 
between October 2012 and March 2013 (Fig. 5), which initiated at the landslide toe (Fig. 5g, h, i) and propagated upslope (incli
nometer SI, Fig. 5d, e, f). In fact, the groundwater body is inferiorly con.ned by the unweathered bedrock of Scaglia Cinerea Fm. and 
involves the fractured bedrock and the colluvial/landslide deposits, as shown by piezometric data and stratigraphic correlations 
(Table 1).

Under the effect of the two identi.ed hydrogeological conditions, the main sliding surface involves the interface between the 
unweathered bedrock and its fractured portion (Fig. 12), where groundwater pore pressure is concentrated. During drought periods, 
the migration of groundwater from the upslope to the footslope sector of the landslide leads to movement of the landslide body along 
the sliding surface. This process causes progressive compaction and subsidence in the upslope sector, while promoting groundwater 
Fow downslope. The increased water pressure at the landslide toe, where the beach is located, generates a thrust that often results in 
collapses and slope failures. Conversely, during intense rainfall events, the rapid and more pronounced rise in groundwater levels in 
the footslope sector triggers more evident and rapid collapses. This is due to the sudden increase in pore water pressure and the 
consequent destabilization of the landslide toe. Therefore, the footslope processes involving the beach can occur both following intense 
rainfall events (Fig. 9a–c) and during particularly dry periods (Fig. 9b).

For the sake of scienti.c clarity, it is important to acknowledge that piezometric monitoring in the study area is discrete rather than 
continuous, as is commonly the case in long-term hydrogeological investigations of landslides. This limitation prevented us from 
establishing a formal statistical correlation between rainfall, piezometric Fuctuations and landslide displacements/collapse. Never
theless, we evaluated the relationship between rainfall patterns (through the ERPI, tested for monotonic trends) and the observed 
increases or decreases in groundwater levels during the available measurement campaigns. As a result, the link between rainfall and 
slope kinematics should be regarded as an empirical correlation rather than a statistically validated causal relationship. This constraint 
emphasizes the need for future continuous hydrogeological monitoring to enhance improve the reliability of rainfall–landslide 
interaction models.

Marine erosion represents an additional conditioning factor in the evolution of the slope [66]. However, it should be noted that on 
the studied sector this process becomes effective only during particularly stormy days, when intense wave motion allows seawater to 
reach the foot of the landslide, which is otherwise protected by the presence of the beach. In such conditions, the presence of visitors on 
the beach would be negligible or absent, implying that the immediate risk to people would be close to zero. Nevertheless, it is advisable 
to integrate monitoring at the landslide toe in order to evaluate possible overpressures generated by storm-wave impacts, which could 
in turn lead to delayed slope movements or collapses, even several days after the triggering event. However, at present, this dataset is 
not available to the authors and although it could represent a .eld to be deepened in the future, it is beyond the purpose of this study.

Finally, the Conero area has been affected by signi.cant seismic events, the most recent of which occurred on November 9, 2022 
(magnitude ~5.5; e.g., Refs. [41,67–69]). These earthquakes induced rockfalls mainly in the highest and steepest rocky sectors of the 
promontory [67,70] where topographic ampli.cation effects were relevant. Conversely, the landslides investigated in this work 
develop on colluvial and landslide deposits with relatively low slope angles, where seismic shaking has not been observed to directly 
trigger failures. For this reason, although seismicity is an important regional trigger, its inFuence on the studied landslides is 
considered to be limited.
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7.2. Proposed landslide risk mitigation strategies

The Sirolo coastal system presents a unique case of landslide risk that calls for hybrid and site-speci.c mitigation strategies, tailored 
to its physical fragility, environmental value, and intense seasonal use. As shown, slope instability results from two complementary 
processes, long-term stress redistribution during dry periods and short-term triggering from intense rainfall. Therefore, the risk cannot 
be addressed through a singular lens. Rather, it requires the integration of geomorphological diagnostics, adaptive structural in
terventions, targeted communication, and community involvement.

From a structural perspective, the environmental and landscape constraints of the Monte Conero Regional Park necessitate low- 
impact, nature-based solutions. For instance, slope re-pro.ling using wooden containment systems (e.g., double-wall palisades) 
built from durable chestnut timber could stabilize selected portions of the southern cliff where past gravitational failures have left steep 
scarps [71]. These structures not only offer lateral resistance to shallow landslides but also allow for integration of vegetative rein
forcement techniques, such as the insertion of willow cuttings or other regenerating species. Over time, the combination of structural 
support and root anchoring helps maintain slope stability while blending visually with the landscape.

Complementary to engineered containment is the promotion of native vegetation. Decades of afforestation with non-native, 
shallow-rooted species have contributed to hydrological imbalances and slope fragility [72]. Reintroducing deep-rooted Mediterra
nean species such as Quercus ilex (holm oak) and Arbutus unedo (strawberry tree), whose roots can reach depths of over 10 m, can 
signi.cantly improve soil anchoring, reduce surface runoff, and counteract residual pore pressure build-up [73]. These botanical 
strategies must be guided by expert assessments to match species to micro-topographical and hydrological conditions. A gradual 
implementation plan, starting with the most unstable sectors, would enable progressive ecological stabilization.

Technological tools can further support slope monitoring. High-resolution LiDAR surveys and drone photogrammetry, repeated 
seasonally or post-event, would allow the detection of early-stage deformation, erosion, or regrowth patterns, creating a dynamic 
landslide inventory [74,75]. A network of corner reFectors and L-band DInSAR data would improve the monitoring of the ground 
movement by providing an improved measuring points density to distinguish the kinetic behavior of the different portion of the 
landsides [76]. Integrating these datasets with the piezometric and inclinometric network currently in place can enhance the pre
dictive accuracy of early-warning thresholds.

However, physical mitigation alone is insuf.cient in such a socially dynamic system. The risk perception .eld survey highlighted 
that a large portion of visitors either underestimated or were unsure about the frequency of landslides, and that only one respondent 
knew about the civil protection plan. This lack of situational awareness calls for urgent investment in communication strategies. Rather 
than relying solely on top-down institutional messaging, communication efforts should prioritize simple, intuitive formats, directly 
embedded in tourists’ experience [77]. Informational panels should be placed at strategic access points, featuring direct and accessible 
language, supported by visual cues (maps, danger icons, QR codes) [78], and adapted to different social groups. To avoid homogenized 
messaging, communication materials should be strati.ed by audience, for example using bolder colors and infographics for younger 
beachgoers, and longer explanatory text for older visitors.

In addition, hands-on seasonal brie.ngs, such as on-site information sessions or simulations conducted with beach operators before 
summer openings, can foster community ownership of risk [79]. As beach concessionaires and service providers are the de facto .rst 
responders, they must be actively trained and involved in simulation exercises. Speci.c training content should include evacuation 
coordination, visual recognition of slope deformation signs, and real-time alert response protocols. Finally, a more accurate estimation 
of tourist inFows, particularly through the use of higher-resolution and temporally consistent remote sensing data combined with an 
expanded sample of surveyed visitors, would allow for a more precise spatial and temporal characterization of exposure. This, in turn, 
would improve the prioritization and contextualization of risk mitigation strategies during peak tourist periods. For instance, bro
chures distributed at tourism of.ces, translated into multiple languages, and embedded in practical platforms (e.g., shuttle bus tickets, 
tourist apps), can be a cost-effective complement to signage.

7.3. Broader implications for coastal risk management

This case study offers broader insights for the governance of geohydrological risks in tourist-oriented coastal settings, where 
physical exposure is high, but cognitive and procedural preparedness is low. This mismatch, clearly demonstrated by the .eldwork, 
challenges the conventional paradigms of civil protection, which tend to focus on stable, resident communities. In such contexts, 
emergency plans must evolve to reFect the socio-temporal Fuidity of exposure. Tourist beaches like San Michele and Sassi Neri 
experience daily micro-cycles of crowding and dispersal, with a user base that changes every few hours and peaks during weekends or 
holidays. Consequently, risk communication must shift from long-term institutional channels to ephemeral, real-time tools. Mobile 
alerts triggered by meteorological or geological thresholds, trailhead beacons, or dynamic signage can ensure that even .rst-time 
visitors receive critical warnings in situ. These tools should be geo-located and multilingual, leveraging tourists’ smartphones and 
habitual behaviors (e.g., scanning QR codes or checking shuttle schedules).

The analysis also reveals the limits of the current civil protection approach. When 99 % of users are unaware of existing evacuation 
plans, the real front line becomes the informal safety network: lifeguards, bar staff, and even fellow beachgoers. Their role must be 
rede.ned from passive bystanders to “recognized local safety actors”. This requires formal integration into the emergency governance 
architecture, through agreements, seasonal protocols, and priority access to real-time updates.

Moreover, the example of Sirolo speaks to a larger planning gap: the invisibility of hazard in leisure landscapes. Tourists associate 
beaches with recreation, not risk. This cognitive dissonance hinders the uptake of warning messages or precautionary behavior. Risk 
communication, therefore, must adopt persuasive, affective strategies. Beyond technical signage, emotionally resonant messages, such 
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as simulations of landslide scenarios or behavioral nudges, may be more effective at triggering protective action. To this end, col
laborations with experts in behavioral science, environmental psychology, and user-centered design should be encouraged.

Eventually, the study demonstrates the broader need for adaptive civil protection planning that recognizes the transient nature of 
exposure in tourism-driven localities. As illustrated in Fig. 1, the workFow developed in this study and implemented for the Sirolo pilot 
case shows a Fexible design that makes it potentially applicable to other coastal settings with comparable geological, geomorpho
logical, and touristic conditions in the broader framework of climate change. In this condition, the Mediterranean basin itself is widely 
considered a climate change hotspot, with multiple studies projecting an increase in the frequency and intensity of extreme rainfall 
events. Such changes are likely to exacerbate slope instabilities in steep coastal settings, making integrated hazard–exposure–risk 
frameworks increasingly relevant for disaster risk reduction. Many coastal regions would bene.t from adopting an integrative 
approach as the novel one proposed in this paper: coupling different geological disciplines with tourism social data and strengthening 
local actor readiness.

8. Conclusions

This study demonstrates how a multidisciplinary approach as the conceptual framework proposed in this study can effectively 
address both the physical drivers and societal dimensions of landslide risk in complex, high-exposure coastal settings. By combining 
detailed geomorphological and geological .eld mapping, multi-sensor monitoring (including DInSAR, inclinometers, and piezome
ters), rainfall trend analysis, and, we have developed a site-speci.c model of slope instability for the Sirolo coastline. Crucially, the 
inclusion of an innovative deep learning models to quantify seasonal tourist exposure and a structured risk perception survey among 
non-resident beach users has highlighted a signi.cant gap between physical exposure and public awareness, underscoring the need for 
targeted communication and preparedness measures. We suggest a mitigation strategy which should follow an integrated, holistic 
path: combining slope stabilization, environmental regeneration, technological monitoring, and inclusive communication to match the 
seasonal rhythms and complexity of this iconic coastline.

Other Italian and international coastal destinations face similar hazards: steep cliffs, weak lithologies, and high tourist Fows. The 
integrated approach piloted in this study, blending geomorphological diagnostics, environmental management, and social awareness, 
may offer a transferable model for coastal towns balancing natural beauty with latent geological threats. Managing landslide risk in 
tourist coasts requires a shift in logic: from resident-centric resilience to visitor-focused adaptability. Sirolo’s experience shows that 
even modest investments in awareness, vegetation, and visibility can narrow the perception–exposure gap and lay the foundation for 
safer, more informed, and more sustainable coastal tourism. Future research should expand the quantitative understanding of visitor 
risk perception and behavior through larger seasonal surveys and explore the use of real-time monitoring and mobile-based early 
warning tools to reach transient populations. By continuing to integrate physical and social dimensions of hazard, coastal munici
palities can better anticipate evolving risks and enhance the resilience of both landscapes and communities.
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