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Abstract

Rainfall-induced landslides represent one of the most recurrent geohazards affecting the
transportation network of southwestern Calabria (Italy). This study provides an integrated
assessment of landslide occurrence and road damage along the Costa Viola by combining
detailed geomorphological mapping, multi-temporal analyses, historical documentation
(1950–2025), and GIS-based spatial data processing. A total of 261 landslides were mapped,
affecting approximately 19% of the study area. Slides constitute the dominant movement
type (66.7%), followed by complex landslides, flows, and falls. Landslide distribution is
strongly controlled by geological and morphometric factors: more than 80% of mapped
phenomena occur in highly fractured granitic and gneissic rocks, over 70% lie within 500 m
of faults, and more than 90% are located within 300 m of streams. Slope gradient (25–55◦)
and local relief (350–550 m) further contribute to slope instability patterns. The historical
dataset documents 237 landslide-induced road damage events over 75 years, with a marked
increase in occurrence since the early 2000s. Most damage events affected the SS18 road and
frequently corresponded to reactivations of pre-existing landslides, highlighting the long-
term persistence of slope instability and the seasonal influence of intense autumn–winter
precipitation. Overall, the results demonstrate that landslide hazard in the Costa Viola
is governed by the interplay between structural, lithological, geomorphic, and climatic
factors, compounded by anthropogenic modifications along road corridors. The combined
landslide inventory and historical database provide a robust basis for risk mitigation,
identification of critical road sectors, and future susceptibility and predictive modelling to
support effective territorial planning.

Keywords: landslide inventory; historical research; spatial analysis; transportation network;
landslide damage

1. Introduction
Landslides represent one of the most widespread natural hazards, often resulting

in severe impacts on the environment, populations [1], and critical infrastructure [1–4].
In recent years, the intensification of climate change has led to more frequent extreme
rainfall events, which in turn have increased the likelihood and magnitude of landslide
occurrences [3–8].

The present research addresses the interaction between the transportation network
and landslide phenomena. Research has increasingly focused on the exposure of critical
infrastructure to natural hazards, highlighting that damage to transport networks can lead
to severe service interruptions and substantial socioeconomic consequences [2].
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The road network—ranging from highways to remote service roads—represents the
most widespread human-made infrastructure across the landscape. Its extensive spatial
distribution and continuous exposure to natural hazards make it particularly vulnerable
to slope instability processes, often resulting in traffic disruptions and significant inconve-
nience for local communities, especially in areas where climatic, geological, and land-use
conditions enhance susceptibility to landslides.

Road vulnerability is frequently associated with segments crossing unstable slopes, in-
cluding areas affected by deep-seated landslides or mid-slope sections exposed to rockfalls
and debris from the upslope side. In other cases, instability may be triggered by erosion
and undercutting at the base of the road embankment, often linked to inadequate drainage
and poor runoff management. The construction of roads across landslide bodies without
appropriate stabilization measures can further increase this susceptibility.

Additionally, ageing infrastructure and insufficient maintenance, particularly along
secondary roads, may exacerbate these conditions. More generally, roads constructed on
unstable slopes, often through cuts that remove soil or rock, alter the equilibrium of the
slope and, as a consequence, can be affected by landslide-related damage.

Landslides may directly endanger travellers by striking vehicles or pedestrians, or
indirectly create hazardous driving conditions through lane-blocking debris, structural
damage to pavement or foundations, impact craters, or flooding caused by blocked culverts.
These effects compromise both road safety and network functionality [6,9–12].

In landslide-prone regions, recurrent damage to roads often reflects the spatial dis-
tribution and temporal variability of slope instability [4]. As linear elements traversing
diverse geological and geomorphological settings, roads tend to intersect unstable slopes,
concentrate runoff, and locally alter drainage patterns—factors that can both trigger and
reveal landslide processes. Consequently, road networks are sometimes used as practical
indicators of landslide activity and can serve as proxies for assessing slope stability along
their paths.

The exposure to landslides of “critical infrastructure” has been shown to produce
severe impacts on economies and societies worldwide. Moreover, the widespread dif-
fusion of functional networks such as roads increases the complexity of interdependent
systems and heightens their vulnerability to large-scale disruptions, potentially triggering
cascading effects [13]. For roads of lower hierarchical importance, the situation remains
significant: the damage or destruction of a road can still strongly affect a local community,
and the inconvenience and economic losses for the population can be substantial. Entire
small communities may even become isolated in the event of widespread landslides trig-
gered by extreme rainfall along the road network, preventing or hindering the arrival of
emergency services.

The scientific community is highly attentive to the issue of landslide–road interactions.
Detailed studies typically focus on major roads [14,15], or specifically on sections crossing
populated areas, as well as on the influence of road construction on slope stability and
landslide triggering [16]. Research in the United States indicates that hundreds of sites with
high hourly and annual traffic volumes are situated in areas of high landslide susceptibility,
representing significant potential risks to life safety and traffic continuity [9].

Wu et al. [17] proposed a probabilistic method to assess the impacts of rainfall-induced
landslides on road networks, accounting for key uncertainties in rainfall patterns, landslide
occurrence, and runout distances. Focusing on slow-moving landslides, Nappo et al. [18]
proposed a simplified procedure to analyze road damage by combining landslide inventory
maps, a road damage database compiled from in situ surveys and Google Street View
images, and ground displacement measurements derived from satellite SAR imagery.
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Despite the extensive exposure of the road network to landslide risk, data collections
on landslide damage to roads, as well as systematic approaches and specific analyses
of landslide–road interactions, remain limited. This is partly because the authorities
responsible for maintenance typically focus on addressing individual disruptions and
resolving specific incidents, rather than developing an overall framework to identify
common patterns and characteristics at the local or regional scale.

Nevertheless, given the importance of the road network at all scales and the significant
impacts of landslide-related disruptions, even minor events are often reported in national
and local newspapers. These reports provide valuable historical information on road
closures, emergency interventions, and damage-related funding. Systematic analysis
of such information sources enables the reconstruction of historical series of landslides
affecting specific road segments [6,19]. More broadly, integrating a historical database
of documented landslides with a GIS-linked DBMS and a landslide inventory enables
development of a system that can serve as a reference for regional landslide studies and
support hazard assessment [20,21].

However, these sources have limitations: they rarely provide information on landslide
type or magnitude, and the reported data may be influenced by the journalist’s familiarity
with geohazards and a tendency toward sensationalism, often hindering accurate event
assessment. To overcome these limitations and fully exploit historical records, spatial
analyses using topographic maps, landslide inventory maps, aerial photographs, and
satellite imagery are essential. Such analyses enable precise localization of landslides,
estimation of their size and classification into broad categories [6]. This procedure is
relatively straightforward for landslides affecting the road network, as traffic disruptions
are often reported with reference to kilometre markers, which can be easily identified on
maps within a GIS environment.

In this article, we address this by developing an integrated methodological approach
that combines historical documentation with geological and geomorphological analyses to
reconstruct and interpret landslide occurrences along the road network in a Mediterranean
context. This approach facilitates the assessment of the spatial and temporal evolution of
landslide hazards in areas prone to rainfall-induced slope instability.

The paper is organized as follows. The Materials and Methods section begins with a
description of the study area, followed by the development of the landslide inventory, the
collection of landslide damage data, and the compilation of rainfall records. The results
are presented in the Results section in terms of landslide distribution, type and activity;
the role of geological and morphometric features on landslide occurrence; and temporal
distribution of landslide-induced road damage. The Discussion section addresses the main
strengths and limitations of the approach, while the Conclusions section summarizes the
key findings and outlines future steps to enhance their impact.

2. Materials and Methods
2.1. Study Area

Costa Viola was selected as the study area because of the persistent and well-
documented occurrence of landslides affecting both road and railway networks, frequently
causing traffic interruptions, delays, and difficulties for infrastructure users. It is located
in the southwestern sector of the Calabria region (Italy), facing the Tyrrhenian Sea, in
the Mediterranean basin, and encompasses the coastal areas of two municipalities in the
province of Reggio Calabria—Scilla and Bagnara Calabra—covering a combined area
of 53.1 km2, with elevations ranging from 0 to 1008 m a.s.l. and an average altitude of
455 m a.s.l. (Figure 1). Bagnara Calabra, the northernmost of the two municipalities, has
a population density of 370.18 inhabitants/km2, while Scilla (42.83 km2), located further
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south, has a population density of 101.99 inhabitants/km2 (https://www.istat.it/, accessed
19 May 2025). Both municipalities have a strong tourist vocation, leading to a significant
increase in vehicle traffic during the summer season.

 

Figure 1. Location of the study area showing main villages, streams, and infrastructure.

2.1.1. The Transportation Network

The transportation network of the study area consists of:

• SS18 (Italian acronym of State Road): The oldest north–south corridor, with origins
dating back to the Roman era. It carries traffic to and from Sicily along a single
carriageway 7–8 m wide, following a curvilinear path along the mountain slopes, often
running mid-slope with views of the sea. It is currently managed by the Azienda
Nazionale Autonoma delle Strade Statali (ANAS). Within the two study municipalities,
the SS18 extends for 19.7 km (Table 1).

• A2 Highway (formerly part of the Autostrada del Sole, now called Autostrada del
Mediterraneo): The newest north–south corridor, carrying traffic to and from Sicily,
and the only highway in Calabria. It is a two-lane road, 24.20 m wide, serving both
regional and national north–south traffic. The 16.9 km section crossing the study area
was inaugurated in 1972 and is also managed by ANAS. Compared to other Italian
highways, it is in poor condition, and renovation work is currently underway. Due to
the rugged terrain, its layout mainly consists of tunnels and viaducts.

• Tirrenica Meridionale railway: A double-track railway managed by Ferrovie dello
Stato (FS), operational since 1886. It carries both national and regional freight and
passenger traffic along a north–south axis and crosses the study area over 15.4 km. The
railway is part of the southernmost section of the TEN-T Scandinavian–Mediterranean
Corridor of the Trans-European Transport Network. Three stations—Scilla, Favazzina,
and Bagnara Calabra—serve local rail traffic within the study area.

• Secondary road network: Provincial (SP) and municipal (SC) roads, managed by the
Città Metropolitana di Reggio Calabria and the municipalities of Bagnara Calabra and
Scilla. These roads have experienced significant changes over time, with their density
increasing in response to urban development. As a result, they are less reliable indica-
tors of long-term landslide-related impacts compared to major transportation routes,
whose alignments have remained largely unchanged since the early 20th century.
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Table 1. Types and symbols of the main transportation networks crossing the study area, along with
their lengths within the Bagnara Calabra and Scilla municipalities (Italian acronyms explanation:
(SP): provincial road; (SC): municipal road; (SS): state road; (FFSS): state railways).

Road Type Symbol Length (km)

Highway A2 16.9
Railway FFSS 15.4
State road SS 18 19.7
Provincial or municipal road SP-SC 174.8

Although ANAS maintains a Traffic Observatory providing Average Annual Daily
Traffic (AADT), no monitoring stations are located within the study area. The nearest
stations are both just north of Bagnara Calabra (No. 317 on the SS18, and No. 1897 on the
A2 motorway). Data available revealed that between 2016 and 2024, AADT values remained
stable, ranging from 15,000 to 20,000 vehicles on the A2 and from 2800 to 3000 on the SS18.
The only exception was in 2020, when a decrease in AADT was observed on the SS18, and no
data were available from the A2 station, likely due to traffic restrictions imposed during the
COVID-19 pandemic (https://www.stradeanas.it/it/le-strade/osservatorio-del-traffico/;
accessed 19 May 2025).

The data related to roads and the railway network were extracted from OpenStreetMap
and were downloaded from the Geofabrik server (https://download.geofabrik.de/europe/
italy.html, accessed 8 April 2025). Additional data were obtained from the Geoportale della
Regione Calabria (http://geoportale.regione.calabria.it/opendata, accessed 21 May 2025).

2.1.2. Geological and Geomorphological Setting

From a geological perspective, the study area lies within the Calabrian–Peloritane
geodynamic domain. It is mainly composed of Hercynian and Alpine high-grade metamor-
phic and igneous rocks, overlain by Mesozoic marine sedimentary deposits [22,23]. The
metamorphic and igneous rocks are primarily Paleozoic gneiss and granite, which are often
highly fractured and deeply weathered. The outcropping sedimentary units mainly consist
of carbonate rocks (Miocene), sand deposits (Pliocene), conglomerate deposits (Pleistocene),
and Holocene alluvial deposits.

The area is crossed by several faults, mainly oriented NE–SW and NW–SE, asso-
ciated with the Scilla–Palmi structural high [23]. The NE–SW normal faults are ar-
ranged in a northwestward stepwise system. Figure 2 shows the geo-lithological map
of the area, produced by integrating field survey data with refined pre-existing geolog-
ical and structural information from the Calabria geological map at a scale of 1:25,000
(http://geoportale.regione.calabria.it/opendata, accessed 21 June 2021) and the vector
layer of the ITHACA Catalogue (http://sgi2.isprambiente.it/ithacaweb/Mappatura.aspx,
accessed 3 December 2021).

The landscape is characterized by steep cliffs and multiple orders of marine ter-
races [22], shaped by the combined effects of regional uplift and eustatic sea-level fluc-
tuations. Tectono-eustatic uplift has produced a rugged terrain with an average slope
of approximately 23◦, dissected by short, steep, and deeply incised watercourses. The
area also features gently sloping summits bordered by steep escarpments and cut by deep
canyons. These geomorphological characteristics make the area highly prone to landslides,
particularly during high-intensity rainfall events [24–26].
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Figure 2. Geo-lithological map of the study area. The spatial distribution of landslides is also reported.

From a climatic standpoint, Calabria falls within the mesothermal climate zone, pre-
dominantly classified as Csa (Mediterranean climate with hot, dry summers), while the
higher Apennine areas exhibit characteristics of the Csb type (Mediterranean climate with
warm, dry summers). The interplay between the region’s geographical location and its
orographic structure results in pronounced spatial variability in meteorological condi-
tions, particularly in precipitation patterns. Calabria is exposed to so-called Mediterranean
cyclones—extratropical low-pressure systems capable of producing extremely intense
rainfall, which can trigger landslides, flash floods, and storm surges [27].

In the study area, annual temperatures range from −0.3 ◦C to 44 ◦C, with an average
yearly temperature of 19 ◦C. It is exposed to westerly air currents and receives abundant
rainfall, particularly in the hilly and mountainous areas, with the highest average monthly
precipitation occurring during the autumn and winter months. Despite the three main
roadways running parallel to the coastline at elevations of approximately 100 m a.s.l. (SS18
and the railway line) and 200 m a.s.l. (A2), they are influenced by rainfall originating
from the nearby mountain slopes, where precipitation is more frequent and intense due
to the rapid increase in elevation. The area’s average annual precipitation is 864 mm,
ranging from a minimum of 243.8 mm in 2001 to a maximum of 1492.2 mm in 1930. The
mean annual number of rainy days is 81, ranging from a minimum of 33 days in 1999 to a
maximum of 121 days in 1963 and 1966. Monthly analysis indicates that rainfall is highest
between October and March, accounting for about 72% of the annual total. November
and December are typically the wettest months, while June to August represent the driest
period, generally characterized by only a few short but intense rain showers [26].

2.2. Methodology

The methodological approach adopted in this study consists of three consecutive
phases: (i) the creation of a detailed landslide inventory, including the recognition, mapping,
classification, and digitisation of landslides using field data, historical aerial photographs,
orthophotos, and LiDAR-derived products; (ii) the analysis of the main geological and mor-
phometric factors controlling landslide distribution, performed through GIS-based spatial
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overlay procedures and statistical testing; and (iii) the compilation and georeferencing of
historical landslide damage to the transportation network, together with the collection and
processing of long-term rainfall data.

These phases are described in detail in the following subsections (Sections 2.2.1–2.2.3).
These subsections outline the procedures used to create the landslide inventory map,
analyze the geological and morphometric factors, and reconstruct the historical record of
landslide damage and rainfall for comparison with landslide occurrence.

2.2.1. Landslide Inventory Creation

Landslide recognition and mapping were performed by integrating field surveys,
visual interpretation of historical black and white aerial photographs from 1954 (1:36,000
scale) and 1990 (1:33,000 scale), 2008 colour orthophotos (1:10,000 scale), Google Earth
imagery from 2009 to 2023, and thematic maps (slope gradient, hillshade, and contour
lines) derived from a 1 m resolution Digital Terrain Model (DTM) produced from LiDAR
scanning conducted in 2012 by the Italian Ministry for the Environment, Land and Sea
(http://wms.pcn.minambiente.it, accessed 10 March 2025). The interpretation of the 1954
and 1990 aerial photographs was performed using traditional stereoscopic techniques
with a mirror stereoscope [4,28]. Landslides identified from the stereoscopic analysis
were delineated on a 1:10,000 topographic base map, then scanned, georeferenced, and
digitized to ensure alignment with more accurate recent datasets and digitized within a
GIS environment.

Additional data were obtained from the preexisting landslide inventory compiled
by the Regional Basin Authority (Piano di Assetto Idrogeologico—Italian Law 267/98)
adopted in 2001 and updated in 2016 (http://geoportale.regione.calabria.it/opendata,
accessed 15 June 2023), as well as from previous studies conducted in the area [25,29]. This
investigation enabled the identification of the spatial distribution, typology, and state of
activity of landslides, following the classification proposed by Cruden and Varnes [30].

The state of activity of landslides was evaluated through a detailed geomorphological
detection of recent imagery and field observations, focusing on the preservation (“fresh-
ness”) of key morphological features [4,28]. The main diagnostic elements considered
were sharp main scarps, secondary scarps and counterscarps, ground cracks (tensional,
compressional, or shear), and deformation of anthropogenic structures (e.g., tilted retaining
walls, pavement fractures, building distortions, and damaged linear infrastructure).

Field observations were integrated with multi-temporal analyses of orthophotos, DTM,
and Google Earth imagery to distinguish active or recently active landslides from dormant
ones. Nevertheless, the geomorphic criteria adopted for the recognition of the state of
landslide activity are clearly subjective, and the validity of the image interpretation results
may be closely dependent on the experience of an analyst.

The landslide dataset was digitized as both polygon and point features and stored
within a dedicated GIS geodatabase. Polygon features delineate the entire landslide extent,
whereas point features correspond to the centroids of the source areas and include detailed
attributes describing landslide typology, estimated magnitude, and geo-environmental
setting. The resulting geodatabase provided the basis for generating the landslide inventory
map and the landslide density map, both produced using QGIS software (v. 3.34.6).

Landslide density is a commonly used index to evaluate the spatial arrangement and
concentration of landslides within a study area [31–33]. In this study, the landslide density
map was generated using Gaussian kernel density estimation. Based on the spatial extent
and distribution of landslides, a search radius of 1 km was selected, and the density surface
was computed using the Heatmap tool in QGIS. The resulting density values represent the
number of landslides per km2, allowing the detection of high-density zones and spatial
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patterns of landslide occurrence. To classify spatial variations in landslide concentration,
the density values were grouped into five classes using Jenks’ natural breaks method.

To assess the role of geology and the main morphometric features in landslide dis-
tribution, the landslide inventory map was compared with lithology, distance-to-faults,
distance-to-streams, slope, and local relief maps (Figures 2 and 3). Morphometric param-
eters were derived from a LiDAR-based DTM resampled to a 5 × 5 m pixel size. The
local relief map represents the elevation range calculated within a 1 km2 moving win-
dow [31]. The comparison between landslide distribution and the various thematic layers
was performed using the QGIS zonal statistics function. Specifically, we performed a spatial
overlay between the landslide inventory—mapped as point features—and each thematic
layer. For continuous raster variables (e.g., slope, local relief), we extracted the pixel values
intersecting each landslide point. For lithology (categorical variable), we extracted the
corresponding class at each landslide point and analyzed the distribution of categories
associated with landslide occurrences.

 

Figure 3. Maps of (a) distance to faults, (b) distance to streams, (c) slope gradient, and (d) local relief.
Each map also shows the spatial distribution of landslides. The maps highlight a high concentration
of landslides within 500 m of faults and within 200 m of streams. In addition, a high occurrence of
landslides was recorded along slopes characterized by steep gradients (>25◦) and high values of local
relief (>400 m).

Additionally, statistical analyses were conducted on the identified geological and
morphometric factors to assess their specific effects on the distribution and size of the
landslides, using the non-parametric Mann–Whitney test. In this study, landslide types
were compared pairwise, and the Mann–Whitney test was applied to assess significant
differences in the medians between the two considered landslide types, adopting a signifi-
cance threshold of 0.05. When p < 0.05, differences were considered statistically significant.
The statistical analyses were performed using SPSS software (v. 29.01).
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Finally, to quantify the road and railway sections affected by landslides, a spatial
intersection analysis was carried out in a GIS environment. Specifically, the landslide
inventory map was overlaid with the transportation network layers, which included the
different road typologies (highway, state road, and provincial or municipal road) and the
railway network. The geometric intersection operation allowed identifying and extracting
the portions of each road typology and of the railway lines that spatially overlapped with
the mapped landslides. The lengths of the affected segments were then calculated for each
transportation type, allowing a quantitative assessment of the impact of landslides on the
local infrastructure.

2.2.2. Landslide Damage Data Collection

Documentary sources, widely used in the literature to reconstruct historical landslide
series [34], were employed to compile the record of past landslides involving the study
area [35], and particularly the road network.

The data sources included a digital catalogue created in 1996 and continuously up-
dated by the Research Institute for Geo-Hydrological Protection in Cosenza, which compiles
information on Calabrian landslides from:

• Scientific and technical reports;
• Regional newspapers;
• Regional news websites.

Additional information was obtained for the present research from:

• The local State Archive;
• The Regional Civil Protection Archive;
• The Regional Department of Public Works Archive;
• Notifications of road closures provided by the roads management company (ANAS).

From these sources, we selected descriptions of rainfall-triggered landslides that
affected the road network and used this information to populate the database. Events
caused by excavations, earthquakes, or water pipe leaks were excluded. Each database
record has a unique ID and contains spatial information (e.g., municipality, road, milestone,
and site) and temporal information (day, month, and year of occurrence). When a single
event affected multiple locations on the same day, separate records were created for each
affected location.

In this study, the historical investigation covered the period from 1950 to 2025, which
closely corresponds to the timeframe of the multi-temporal geomorphological analysis.

The dataset was processed in a GIS environment and georeferenced using available
location descriptors. Geographic coordinates for each landslide event were determined
through a combination of automated geocoding and manual verification and then added to
the dataset to complete its spatial referencing.

2.2.3. Rainfall Data Collection

In the study area, rainfall data over the past century were continuously recorded at the
Scilla rain gauge (73 m a.s.l., operational since 1953) and more sporadically at the Bagnara
Calabra station (170 m a.s.l., operational since 1928) (ARPACAL Multi-Risk Functional
Center, https://www.cfd.calabria.it/index.php/dati-stazioni/dati-storici, accessed on 20
May 2025). To fill gaps in both series, a synthetic rainfall series was created by merging
data from the two stations.

A synthetic monthly precipitation series was derived by combining the gap-filled final
series of Bagnara and Scilla. For each month–year t, the synthetic value was defined as:

St = mean
(

P f inal
B,t , P f inal

S,t

)

https://doi.org/10.3390/geohazards7020039
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where P f inal
B,t and P f inal

S,t represent the final values for Bagnara and Scilla, respectively—i.e.,
the observed precipitation when available, or when the observation was missing. This
row-by-row mean ensures that if only one station provides a valid value, St takes that
value; if both are missing, the synthetic value is left undefined.

Monthly regressions were calibrated separately for each calendar month using only
years where both stations had valid data, producing coefficients am, bm, and R2

m and a sam-
ple size Nm. Missing values were reconstructed using these month-specific relationships.
The monthly climatology was then computed as the temporal mean of the synthetic series
for each month of the year.

Monthly rainfall values derived from this combined dataset were then used to graph-
ically compare the temporal distribution of landslide events with monthly precipitation
patterns, allowing for the identification of periods in which rainfall conditions were likely
to have contributed to landslide triggering.

3. Results
3.1. Landslides Distribution, Type and Activity

The multi-source data analysis provided detailed information about spatial occurrence,
typology and state of activity of each identified landslide (Figure 4). The landslide inventory
included a total of 261 landslides, covering approximately 10 km2, which corresponds to
18.8% of the whole investigated area (Table 2). This value represents the total area affected
by landslides, obtained by summing the areas of all individual landslide polygons after
merging overlapping features to avoid double-counting. The average value of landslide
frequency is approximately 4.9 landslides per square kilometre.

 

Figure 4. Landslide inventory map showing the spatial distribution of the different landslide types
and their activity state.
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Table 2. Main characteristics of landslides obtained by map analysis.

Landslide Type

Slide Flow Complex Fall All Inventory

Total study area (km2) n/a n/a n/a n/a 53.1
Number of landslides 174 31 46 10 261
Landslide (%) 66.7 11.9 17.6 3.8 100.0
Area affected by landslides (km2) 6.3 0.5 3.0 0.2 10.0
Area affected by landslides (%) 11.9 0.9 5.6 0.4 18.8
Landslide density (landslide/km2) 3.3 0.6 0.9 0.2 4.9

The landslides are mainly clustered in the north-western sector of the study area,
which is characterized by rugged topography deeply dissected by narrow and steep valleys,
where kernel density reaches peaks of 17 landslides/km2 (Figure 5). In contrast, landslide
occurrence is significantly sparser (less than 5 landslides/km2) in the uppermost portion of
the area, which is characterized by a flat or gently undulating landscape (Figure 3c).

 

Figure 5. Landslide density and areal size distribution of mapped landslides in the study area.

The identified landslides are classified into four main movement types: slide, flow,
complex, and fall (Figure 5). Slide-type landslides are the most common, accounting
for 66.7% of the total, followed by complex landslides, which represent 17.6% (Table 2).
Complex landslides involve a sequence of two or more movement types, with a spatial pre-
dominance of one of them [30]. In the study area, slide–debris flows are the most spatially
predominating complex typology [25]. Flow-type landslides, particularly debris flows,
constitute 11.9% of the mapped events, whereas falls represent the smallest proportion,
accounting for less than 4% (Table 2).

The state of activity of the inventoried landslides was assessed through multi-temporal
investigations, field surveys, and analysis of historical data. Of the mapped landslides,
33.3% were classified as active, whereas 66.7% were mapped as dormant (Figure 4). The
integration of multi-temporal imagery analysis and historical records indicates that a
large proportion of the landslides currently classified as active represent reactivations of
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previously dormant phenomena, as several slopes show repeated phases of movement
documented in old aerial photographs and orthophotos and reported in historical sources.

The landslide size pattern in the study area is spatially heterogeneous (Figure 5), with
areas ranging from 1.72 × 103 m2 to 6.87 × 105 m2 and a mean value of 3.83 × 104 m2

(Table 3). Analyzing the distribution of landslide size in more detail by means of the
frequency and the cumulative number of landslides (Figure 6), it can be observed that
most landslides have areas between 10 × 103 and approximately 20 × 103 m2, account-
ing for about 61% of the total. Landslides with areas larger than 20 × 103 m2 are dis-
tributed as follows: 61 events (23%) fall within the 20,000–50,000 m2 range, 24 (9%) within
50,000–100,000 m2, 17 (7%) within 100,000–500,000 m2, and only two landslides exceed
500,000 m2. Overall, the cumulative area–frequency distribution graph highlights a signifi-
cant decrease in the occurrence of landslides with areas larger than 100,000 m2 (Figure 6).

Table 3. Summary of landslide size distribution and estimated landslide volumes.

Landslide Type
Landslide Area (m2) Landslide Volume (m3)

Minimum Maximum Mean Minimum Maximum Mean

Slide 1.72 × 103 68.74 × 104 3.59 × 104 3.64 × 103 215.37 × 105 54.58 × 104

Flow 2.65 × 103 10.21 × 104 1.75 × 104 6.81 × 103 135.58 × 104 14.62 × 104

Complex 3.92 × 103 50.96 × 104 6.43 × 104 1.21 × 104 139.56 × 105 11.31 × 105

Fall 2.49 × 103 6.94 × 104 2.26 × 104 6.23 × 103 6.94 × 104 19.67 × 104

All inventory 1.72 × 103 68.74 × 104 3.83 × 104 3.64 × 103 215.37 × 105 58.81 × 104

 

Figure 6. Frequency–area distribution of the landslide inventory.

The statistical analysis indicates that landslide size varies significantly (p < 0.05) with
movement type, with complex landslides exhibiting the highest mean values and flows the
lowest (Table 3).

Moreover, the volume (VL) of each individual landslide was estimated using the
power-law area–volume scaling relationship proposed by Guzzetti et al. [36]:

VL = 0.074 × AL1.450

where AL represents the landslide area. The computed volume of landslides surveyed
ranges from 3.64 × 103 to 215.37 × 105 m3, with an average value of 58.81 × 104 m3

(Table 3). However, it is important to note that these values represent empirical estimates
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and may not reflect the exact in situ volumes, as the relationship inherently involves a
degree of uncertainty.

3.2. The Role of Geological and Morphometric Features on Landslide Occurrence

The landslide distribution in the study area seems to be controlled by a combination
of geological and morphometric factors such as lithology, distance to faults, distance to
streams, slope gradient, and local relief (Figures 2 and 3).

From a lithological perspective, the overlay of the landslide inventory map with
the geo-lithological map (Figure 2) indicates that the granitic and gneissic rocks are the
most affected by landslides, accounting for approximately 80% of the mapped phenomena
(Figure 7a). This is due to the fact that these rocks are highly fractured and weathered [31].
When the landslide index is defined as the ratio (in percentage) between landslide area and
the total area of each lithological class, these lithologies exhibit the highest values within
the study area. Among them, granitoids showed a higher landslide index, reflecting their
relatively limited areal extent. In addition, a discrete concentration of landslides, about
12%, occurred on conglomerate deposits, whereas approximately 7% occurred on sandy
deposits, and only 1% involved the alluvial deposits (Figure 7a).

 

Figure 7. (a) Areal distribution of landslides compared to lithology map of the study area (1. Alluvial
deposit, 2. Conglomerate and sand deposits, 3. Sand deposits, 4. Carbonate rocks, 5. Gneissic rocks,
6. Granitic rocks). (b) Relationship between landslide size and lithologies. Mean values (black dots)
and standard errors (vertical bars) of landslide size across the different lithologies. Lithologies sharing
the same capital letters are not significantly different.

The comparison between landslide size and the different lithologies showed that
significantly larger landslides occur in granitic and gneissic rocks than in the sedimentary
formations. Overall, the largest landslides were observed on the gneissic rocks, whereas
the lowest values were recorded in the alluvial deposits (Figure 7b).

Tectonic structures directly or indirectly control several landslides, as fault presence
and orientation strongly influence their distribution. Landslide frequency increases near
fault zones, as shown by the comparison between the distance-to-faults map and the
landslide inventory (Figure 8a). Approximately 70% of the mapped landslides are situated
within a buffer zone 500 m from the faults. However, a high frequency of landslides was
observed, especially between the fault distances of 0–100 and 100–300 m (Figure 3a). These
results denote the significant role of the faults in landslide occurrence in the study area.
Faults promote rock fracturing and deformation, create high local relief, and enhance
fluvial undercutting, all of which favour slope failures. In some cases, landslides are also
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associated with s tectonic contacts between rock sequences of differing competence, where
intense weathering further reduces material shear strength [31,37,38].

 

Figure 8. Distribution of distance to faults (a), distance to streams (b), slope gradient (c), and local
relief (d) for the entire study area and for the landslide areas.

The non-parametric Mann–Whitney test revealed that the influence of distance to
faults varied significantly (p < 0.05) among the different landslide typologies identified in
the study area (Figure 9a). This statistical evidence indicates that faults exert a differentiated
structural control on slope instability phenomena, with some landslide types occurring
systematically closer to fault lines than others. In particular, the comparison of mean
distances shows a clear and consistent trend (Figure 9a): complex landslides tend to
occur at the greatest distances from mapped faults, followed by flow-type landslides,
while slide-type failures show a closer spatial association. Falls exhibit the smallest mean
distance to faults, suggesting that these rapid, gravity-driven processes are the most
strongly influenced by the presence of brittle discontinuities and fault-related fracturing.

Figure 8b compares the landslide distribution with the distance-to-streams map. The
analysis shows a clear spatial association between landslide occurrence and proximity
to streams, with more than 90% of the mapped landslides located within the 0–300 m
buffer zone. The trend of the curve (Figure 8b) indicates that landslide frequency generally
decreases with increasing distance from the drainage network. This pattern suggests that
landslides are predominantly concentrated along both sides of streams and within deeply
incised valleys. Consequently, areas close to the drainage network are more susceptible
to slope failures, as linear fluvial erosion plays a key role in destabilizing slopes and
triggering landslides.

The spatial pattern also reveals that the highest landslide densities occur along lower-
order channels and in sectors where streams incise into poorly consolidated or highly weath-
ered materials. These geomorphic settings typically favour the development of steep valley
flanks, which in turn promote slope instability. In contrast, flatter interfluves and areas
located farther from the drainage network show significantly lower landslide occurrences.
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Figure 9. Distribution of distance to faults (a), distance to streams (b), slope gradient (c), and local
relief (d) across the different landslide types. Horizontal bars represent the standard error of the
mean (black dots). Landslide types marked with different letters in brackets indicate statistically
significant differences according to the analyzed geo-factors.

The statistical analysis also showed that the distance to streams varied significantly
among the different landslide types. This result is consistent with the spatial pattern
previously illustrated in Figure 8b, where landslides were mainly concentrated within the
first hundreds of metres from the drainage network. In line with this general distribution,
the influence of stream proximity differed across landslide categories, decreasing according
to the following sequence: fall > flow > slide > complex (Figure 9b).

Overall, the results confirm that proximity to streams is a key predisposing factor
for landslide initiation in the study area, modulating both the frequency and typology
of landslides.

By comparing the landslide inventory with the slope gradient map, as commonly
reported in the literature [31,39,40], it emerges that landslide frequency gradually increases
with slope steepness, reaching a peak at gradients of around 45◦. Beyond this threshold,
landslide occurrence generally decreases (Figure 8c). Notably, a higher frequency of
landslides (>80%) is concentrated within the slope range of 250 to 55 degrees (Figure 8c).
The mean values of slope gradient differ markedly between the whole study area and
the areas affected by landslides (22.8◦ and 41.6◦, respectively), indicating that landslides
usually occur on moderately steep slopes (Figure 8c).

Moreover, the spatial distribution of the different landslide typologies with respect to
slope gradient was also statistically distinct, showing a clear hierarchical relationship among
the landslide types in relation to slope gradient, with the steepest slopes predominantly
hosting falls, followed by complex landslides, then slides, and finally flows occurring on
comparatively gentler gradients (Figure 9c). This pattern reflects the increasing lithological
and structural control exerted on slopes as gradients become steeper, with falls being
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strongly favoured on highly inclined rock walls, whereas flow-type phenomena are more
frequent on gentler, soil-mantled slopes.

Regarding local relief, hillslopes with landslides are mainly concentrated around lo-
cal relief values that change between 350 m and 550 m (Figure 8d). Approximately 93%
of landslides occur in areas where local relief exceeds 250 m, with the highest landslide
frequency observed on slopes characterized by a local relief between 400 and 500 m. This
pattern indicates that landslides preferentially develop in sectors characterized by pro-
nounced topographic variability, where rugged and highly dissected landscapes enhance
the gravitational forces acting on hillslopes. Figure 9d illustrates the mean local relief
values associated with the four landslide movement types. A clear separation among the
landslide typologies was again observed, with each category showing distinct mean local
relief conditions. Local relief values were statistically higher for fall and complex landslides
compared to the other movement types, indicating that these failures tend to occur in areas
characterized by high morphological roughness and abrupt elevation changes [31,41].

3.3. Temporal Distribution of Landslide-Induced Road Damage

The historical database includes 237 records describing landslide events that damaged
roads within the study area between 1950 and 2025, covering a period of 75 years, with an
average frequency of 3.2 events per year. The majority of these affected the SS18 road and
secondary the SP-SC roads (Figure 10 and Table 4).

 

Figure 10. Photos of representative landslides affecting roads across the study area. (a) Earth slide
blocking the entire carriageway of a section of the SP road; (b) rock-slide obstructing the SS18 road;
(c) scarp of a complex landslide involving the SC road; (d) rock fall triggered on a steep slope and
affecting the SS18 roadway.

The distribution of landslide-induced road damage is not uniform over the period
analyzed. The temporal distribution of records by decade and road type shows an increase
in damaging events over the last three decades (Figure 11a). More specifically, between 2000
and 2025, a significant rise in the frequency of damaging landslide events can be observed,
reaching up to approximately 5.4 landslide damage events per year. The increase in recent
decades is likely related to the advent of the internet, which has expanded information
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availability and dissemination, as well as to greater awareness, increased exposure, and the
effects of climate change.

Table 4. Summary of landslides that damaged transportation network obtained by historical data
analysis (1950–2024).

Road Type Symbol
Landslide Damage

# %

Highway A2 14 5.9
State road SS 18 157 66.5

Provincial or municipal road SP-SC 60 25.0
Railway FFSS 6 2.5

 

Figure 11. (a) Number of landslide-induced road damage per decade and road type; (b) monthly
distribution of landslide-induced road damage and monthly mean rainfall that occurred from 1950
to 2025.

Comparison of landslide-induced road damage records with monthly rainfall data
for the period 1950–2025 (Figure 11b) shows that 52.3% of landslide events occur between
October and January, coinciding with the months of highest precipitation. In contrast, the
driest period of the year (June–August) accounts for only 7.4% of recorded events.

Table 5 summarizes the results of the overlay between spatial intersection analysis be-
tween landslides and the transportation network. Overall, the study area includes 226.8 km
of transportation infrastructure, of which 41.4 km (18.3%) are affected by landslides. Active
landslides intersect 8.8 km (3.9%), whereas dormant landslides account for 32.6 km (14.4%).

Among the main infrastructures, the A2 highway exhibits the highest relative impact,
with 10.5 km (4.6%) affected. The SS 18 state road is also significantly impacted, with 7.1 km
(3.1%) overlapping landslides. The FFSS railway shows a lower total exposure (2.9 km,
1.3%), although landslide interference remains relevant for operational continuity. Provin-
cial and municipal roads (SP–SC) represent the largest share of the network and account
for the highest absolute affected length, with 20.9 km (9.2%) intersecting landslide areas.

Overall, the findings indicate that nearly one-fifth of the transportation infrastructure
is located within landslide-prone zones, highlighting a widespread vulnerability across all
network types.

The interruption of roads due to landslides can generate significant socio-economic
impacts, as these infrastructures provide essential connections both within the municipal
territory and between neighbouring settlements. Consequently, the interruption of traffic
flows may hinder the mobility of residents, emergency services, and public transport; cause
economic losses; and lead to the isolation of peripheral communities.
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Table 5. Transportation networks affected by landslides.

Road Type Symbol
Total Length Impacted by Landslides

Active Dormant All Landslides

km % km % km % km %

Highway A2 16.9 7.5 1.4 0.6 9.1 4.0 10.5 4.6
Railway FFSS 15.4 6.8 1.1 0.5 1.8 0.8 2.9 1.3

State road SS18 19.7 8.7 1.9 0.8 5.2 2.3 7.1 3.1
Provincial or municipal road SP-SC 174.8 77.1 4.4 1.9 16.5 7.3 20.9 9.2
All transportation networks - 226.8 100 8.8 3.9 32.6 14.4 41.4 18.3

To better understand the relationship between road damage and slope instability, a
spatial comparison was carried out between landslide-induced road damage events and
the landslide inventory produced for the study area (Figure 12). The results highlight the
strong correspondence between the recorded damage events and pre-existing mapped
landslides. The analysis shows that, over the study period (1954–2025), a majority of road-
related landslide damage occurred repeatedly at the same locations, indicating multiple
reactivation phases of the same landslide phenomena. This recurrence pattern is typical of
long-lived slope instabilities, where seasonal rainfall and local geological conditions can
periodically reduce slope stability and trigger new failures.

 

Figure 12. Comparison between the spatial distribution of landslide-induced road damage spanning
1955 to 2025 and the landslide inventory of the study area. The map highlights multiple damage events
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occurring at the same locations, indicating recurrent reactivations of pre-existing landslides. The
example from the SS18 Scilla–Bagnara road sector shows two documented reactivation phases (2015
and 2018), illustrated in the photographs.

A representative example was found along the SS18 Scilla–Bagnara road sector, where
a documented landslide experienced at least two distinct reactivation phases, with events
recorded in 2015 and 2018. The photographs in Figure 12 clearly illustrate these reactivation
episodes, showing both the spatial consistency of the affected road segment and the
morphological evolution of the landslide body over time.

These observations confirm that a significant portion of the recorded road damage is
associated with the repeated mobilization of pre-existing landslides rather than with new
slope failures.

4. Discussion
This study aims to demonstrate the validity of an integrated methodological approach

that combines geomorphological analysis, historical documentation, and GIS-based data
processing to reconstruct and understand landslide occurrences along the road network of
the Costa Viola, in the southwestern Calabria region.

The detailed landslide inventory map produced in the present study shows that about
19% of the study area is affected by landslides (Table 2). The results confirm that this sector
of Calabria is particularly prone to landslides of various types and sizes due to its rugged
relief, narrow river valleys, and complex geological setting [25]. In some cases, slope
cuts for road construction have further exacerbated slope instability [10,42]. A marked
clustering of landslides occurs in the north-western sector of the study area, characterized
by steep slopes—such as fault scarps, sea cliffs, and stream valleys—mainly composed of
highly fractured and weathered gneissic and granitic rocks. Similar spatial patterns have
been observed in other studies in Calabria and Sicily [24,25,37,41,43–45].

Slides represent the dominant movement type (66.7%), followed by complex landslides
(17.6%), flows (11.9%), and falls (3.8%). The predominance of slide-type landslides agrees
with studies in fractured crystalline rocks of Calabria, where rotational and translational
slides dominate due to weathered bedrock and structural discontinuities [46,47].

The integration of multi-temporal datasets demonstrated that many active land-
slides correspond to reactivations, highlighting the importance of antecedent conditions,
structural discontinuities, and hydrological forcing [37,48–50]. Reactivation processes are
particularly significant in anthropogenically modified slopes, such as those affected by
road cuts, where mechanical disequilibrium and drainage modification may reduce slope
stability [42,51–53].

The landslide size distribution is characterized by strong spatial heterogeneity and
a clear predominance of medium-sized phenomena (10,000–20,000 m2), which account
for about 61% of the total. The cumulative area–frequency distribution shows a marked
decrease in the occurrence of landslides larger than 100,000 m2. This inverse relationship
between frequency and size aligns with the power-law distribution typically reported in
landslide inventories from various parts of the world [33,36,40,54–57].

The statistically significant variation in landslide size across different movement types
further corroborates the geomorphological interpretation. Complex landslides exhibit the
largest mean areas, reflecting their composite nature and progressive downslope evolution,
whereas flow- and fall-type events typically involve smaller source areas but may travel
considerable distances and can often be more destructive [41,58–60].

Moreover, the findings suggest that landslide distribution in the study area is con-
trolled by a combination of geo-environmental factors. Lithology exerts a clear influence:
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about 80% of landslides occur in highly fractured granitic and gneissic rocks, confirming
observations by Conforti and Ietto [31] on weathered crystalline slopes in Calabria. Prox-
imity to faults and streams further enhances instability, as tectonic fracturing and fluvial
incision reduce slope resistance—patterns widely documented in structurally controlled
mountainous areas [37,39,45,46,50,51]. The concentration of landslides within 300 m of
streams and near fault zones highlights the combined role of structural weakening and
erosional undercutting. Slope gradient and local relief also show strong correlations with
landslide occurrence, with most events concentrated on moderately steep slopes (~25–55◦),
like findings from studies across Italy and the Mediterranean basin [31,47,54].

The historical database indicates an increase in landslide-induced road damage since
2000, consistent with trends reported in other studies [6,12,20,21,26,34] where improved
reporting, increased infrastructure exposure, and more frequent extreme rainfall events
contribute to higher recorded impacts. The strong spatial correspondence between damage
records and mapped landslides confirms that repeated reactivation of pre-existing land-
slides is the main cause of road disruption [6,37,41]. The seasonal concentration of events
between October and January matches the rainfall regime of southern Italy and aligns with
studies linking landslide occurrence to intense autumn–winter precipitation [26,59–61].

A clarification is needed regarding historical data: full validation of historical landslide
records is generally not feasible, as it would require independent datasets that are rarely
available. Historical sources are typically sufficient only to reconstruct the catalogue itself,
making formal validation through independent records unrealistic. Although independent
inventories or landslide maps may exist for recent years, these datasets are not directly
comparable with documentary sources. Landslide maps provide a snapshot of slope
conditions at the time of mapping, whereas documentary sources allow the reconstruction
of the timing of occurrence or reactivation. Consequently, the two types of information
cannot be directly used to assess catalogue completeness.

The catalogue can therefore be considered reasonably complete with regard to dam-
aging landslides, while events that did not cause damage likely remained unreported.
However, the road network represents a key anthropogenic element of the landscape, and
damage affecting it is rarely overlooked. For this reason, landslides impacting infrastructure
are expected to be well represented in the catalogue.

A temporal bias should be acknowledged when interpreting the increase in recorded
events after 2000. This trend likely reflects not only a real rise in hazard occurrence but
also a substantial improvement in data availability and accessibility. In particular, the
proliferation of digital archives, online newspapers, and web-based news sources has
significantly enhanced the detectability and documentation of events in recent decades
compared to earlier periods, which relied mainly on incomplete or less systematically
archived historical records.

Despite variations in historical data availability, the data clearly indicate that, in the
study area, the landslides remain a persistent issue affecting the road network, particularly
the SS18, along with provincial (SP) and municipal (SC) roads.

These findings indicate that historical research provides an essential framework for re-
constructing the spatiotemporal dynamics of landslides and for delineating the magnitude
and distribution of the associated damage [60]. Overall, the results obtained can support
emergency planning by supplying in-depth knowledge of critical points that should be
monitored during intense rainfall events. Moreover, the combination of a long-term histori-
cal landslide database with the landslide inventory map can be highly useful for developing
landslide prediction models.

The detailed work of compiling chronologically and geographically referenced land-
slide data represents a fundamental preliminary step toward subsequent analyses aimed
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at identifying triggering thresholds. The dataset developed in this study, designed to be
as complete and well-characterized as possible, provides a robust foundation for future
research focused on the definition and validation of such thresholds.

5. Conclusions
This study provides an integrated assessment of rainfall-induced landslides affecting

the transportation network of the Costa Viola (southwestern Calabria, Italy), combining
geomorphological mapping, multi-temporal analyses, historical documentation, and GIS-
based spatial processing. The results indicate that the area is highly prone to slope instability,
with approximately 19% of its surface impacted by 261 mapped landslides of different
types and sizes. Landslides preferentially cluster in sectors characterized by steep slopes,
narrow valleys, and highly fractured crystalline rocks, confirming the dominant role of
geological structure, lithology, and morphometric controls.

Slides represent the most widespread movement type, followed by complex landslides,
flows, and falls. Statistically significant differences among movement types were identified,
particularly in their size and morphometric settings. More than 70% of landslides occur
within 500 m of fault zones, and over 90% lie within 300 m of streams, highlighting the
coupled influence of tectonic fracturing and fluvial incision in lowering slope stability.
Slope gradient and local relief further modulate landslide occurrence, with most failures
concentrated on moderately steep slopes (25–55◦) and areas characterized by pronounced
topographic variability.

The integration of multi-temporal investigations and historical records shows that
a large proportion of active landslides corresponded to the reactivation of pre-existing
dormant phenomena. This finding is particularly relevant for the road network, where
repeated damage occurred at the same locations over the last 75 years. The temporal
distribution of damaging events reveals a marked increase since the early 2000s, likely
related to improved reporting, greater infrastructure exposure, and more frequent episodes
of intense rainfall. The seasonal concentration of landslides between October and January
underscores the critical role of autumn–winter precipitation in triggering slope instabilities.

The intersection analysis between landslide inventory and transportation network
layer shows that 41.4 km of transportation infrastructure (18.3% of the total network) over-
lap with mapped landslides, with the A2 highway exhibiting the highest relative impact and
provincial–municipal roads accounting for the largest absolute length of affected segments.

Overall, the results confirm that the Costa Viola is structurally predisposed to
landslides and that climatic forcing and anthropogenic modifications—particularly road
cuts—further exacerbate instability. The combined landslide inventory and historical
database represent essential tools for identifying critical sectors of the road network, sup-
porting monitoring strategies, and guiding emergency response during severe rainfall
events. These datasets also provide a robust foundation for the development of predictive
models and future susceptibility and hazard assessments, contributing to more effective
risk mitigation and infrastructure planning in the region.
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