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Abstract: Stone wall terraces are a largely investigated topic in research for both their landscape and
cultural/historical value. Terraces are anthropogenic landforms that interact with natural processes
and need permanent maintenance to preserve their functionality. In the Mediterranean region,
ground effects related to intense rain events often involve terraced slopes that, in some situations,
are directly sourced areas of debris/mud flow. Starting from the 1950s, the changing socio-economic
conditions caused the abandonment of large portions of rural areas. Nowadays, at the catchment
scale, it is frequently difficult recognizing stone wall terraces because of their abandonment and
the uncontrolled re-vegetation. This research faces the issue of identifying terraces in the Monte
di Portofino promontory, which is internationally famous for its high-value natural and landscape
involving broad anthropogenic modifications dating back to the Middle Ages. A remote sensing
application, with LIDAR data and orthophotography, identified terraces on the Portofino promontory,
enabling investigating even barely accessible areas and increasing knowledge on the territory. The aim
of this paper is first of all to point out the presence of such anthropogenic morphologies in the
promontory of Monte di Portofino and then to asses and highlight the related hazard. In fact, terraces
can be a source of debris/hyper-concentrated flow with highly damaging power, as occurred in the
recent years in neighboring areas during particularly intense hydrological events. Then, terraced area
mapping, including in use and in abandonment information, is crucial to perform a spatial relationship
analysis that includes hazard-exposed elements and to evaluate the possible connectivity factor of
buildings, infrastructures, tourism facilities and Cultural Heritage within the hydrographical network.

Keywords: terraced landscape; geo-hydrological hazard; cultural heritage; climate change; Portofino
Park; Italy

1. Introduction

Recently, research interest on terraces has been increasing [1–6], in part due to 2018 “Art of
dry-stone walling, knowledge and techniques” inclusion in UNESCO–United Nations Educational
Scientific and Cultural Organization-Intangible Cultural Heritage [7], while some peculiar landscapes,
such as Portovenere, Cinque Terre, and the Islands’ terraced vineyards, were already part of the
UNESCO Heritage Site. Terraces are commonly recognized as a crucial component of agricultural
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practices both for the cultural value they represent and for their importance in food production in
mountain environment [8–10].

Recently, many studies have been devoted to the geomorphological effects of terracing [11–19],
even considering temperature increase and precipitation regime variations related to Climate Change
in the Mediterranean area. In this context, geo-hydrological processes in terraced landscape are crucial
in land and water conservation practices [20–23].

In applied geomorphology, some recent research has been focusing on terraces as anthropogenic
landform of the ‘landscaped ground’ (sensu Rosembaum et al., 2003 [24]) type—that is, considering
areas where the original ground surface has been extensively remodeled, but where it is impractical or
impossible to separately delineate areas of worked (excavated) ground and made ground.

Terraces have been utilized from time immemorial and then extensively during the Middle
Ages [1,2,6,23,25]. Particularly widespread in the Mediterranean area [6], terraces may be found in
the Balearic Islands, in Spain, in France, along the Italian peninsula, in the Balkans and in Greece.
In Italy, many authors studied terraced landscapes in the different and various contexts in the
country [3,4,8,12,23,26–29]. The original morphology has been modified (Figure 1) by terraced system
that in some cases extended to the entire slope or even to high percentage of a catchment’s surface,
with challenging implications in water infiltration and superficial runoff [26,30,31]. This superficial
alteration modified the water cycle at terrace, slope and landscape scale. In many steep slope- or
soil-degraded agricultural areas, terracing practice and maintenance may represent a contribution to
decrease the geo-hydrological hazard: soil erosion, shallow landslides, debris flow and flash floods
effects may result mitigated [10,20–22,32–35]. Particularly, flash flood effects may decrease both at
the local scale and at the basin one, with the risk mitigation for the exposed elements that are in the
lower part of basins: population, buildings and infrastructures. The lack of stone walls maintenance
may cause an increase of geo-hydrological risk: their possible collapse may represent a source area for
debris/hyper-concentrated flow with a possible high damaging power [32,33,35–37]. A similar lack of
maintenance of older, pre-1950s surface and subsurface drainage structures is recognized in localities
with increasing landslide hazard [38]. Many recent reports highlighted the relationships between
geo-hydrological events and terraced areas in various maintenance conditions [9,13,36,37,39,40].
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Figure 1. Schematic profile of a terraced slope.

Then terraces, as integral elements of the landscape, are both Cultural Heritage features but, at the
same time, are possible area of shallow instability whose effects have been progressively worsening
after the modification of the social and economic conditions starting from the second half of the XIX
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century the Industrial Revolution caused the initial abandonment of rural areas that accelerated after
the WW II in large areas of Europe. In that period, it was the beginning of the Anthropocene [41].

Within this framework, it is crucial identifying and mapping terraced areas that nowadays are
abandoned and hidden by uncontrolled re-vegetation, even a direct field survey can fail to recognize
dry stone wall terraces. Remote sensing techniques now allow landforms survey and identification in
difficult to accessible and large areas and represent an essential morphological surveying tool [42–44].

The scope of our research has been identifying and mapping dry stone wall terraces in an area
that has been modified by human action from, at least, the Middle Ages [8,23] period and evaluating
the spatial relationships with the possible risk-exposed elements. The Monte di Portofino promontory
is famous both for its landscape and its high natural value, attracting more than 1 million between
tourists and hikers per year [45,46]. The territory has been strongly modified in the recent 50/70 years:
the prevailing agricultural land was devoted to the cultivation of olive trees and wine until the half of
the XX century, when it was gradually replaced by tourism [8,23].

Severe rain events are an increasing occurrence in the last 50 years in Liguria Region [47–51].
Consequently, these events cause an intensification of geo-hydrological hazard that, in the Portofino
promontory, resulting in significant damage to buildings, infrastructures and, sometimes, casualties.
LIDAR data and orthophotography analysis together with field survey allow dry stone wall terrace
mapping, distinguishing those in use from abandoned ones. A preliminary spatial analysis between
terraces as the possible exposed elements can be made compared to buildings and infrastructure and
allows the connectivity factor represented by the hydrographical network to be examined. The aim
is to focus on a first priority scale for geo-hydrological risk mitigating interventions to preserve
landscape and Cultural Heritage from degradation. The results partially descend from the European
projects Interreg Maritime Trig-Eau—Transboundary Resilience Innovation Governance EAU (water in
French) and Horizon 2020 RECONECT-Regenerating ECOsystems with Nature-based solutions for
hydro-meteorological risk rEduCTion.

2. Materials and Methods

2.1. Geomorphological Features

Portofino promontory interrupts the curvilinear course of the coastline between the cities of
Genoa and La Spezia (Figure 2A), with an abrupt steep relief facing the sea: it develops in 13 km and
has a surface extension of approximately 18 km2. The mountain relief is oriented WNW-ESE and it
reaches its highest point at the Portofino peak (610 m a.s.l.). The Monte di Portofino is a protected area
established by a national legislation in 1935 but starting from the year 1995, and the area is managed
by the Portofino Regional Natural Park Authority.

The first villages date back to Roman times; in the Middle Ages, several important religious
buildings were settled (e.g., San Fruttuoso, Cervara and San Nicolò—Figure 2A) [8,45], connected by
historical trails still in use. Nowadays, anthropogenic pressure is constantly high. Portofino village is
visited by more than 1 million people every year, while tourists reaching San Fruttuoso by boat exceed
400,000. Over 80 km of footpaths are developed, with the well-used tracks accommodating more than
75,000 hikers per year [45,46].

Geology is characterized by the Conglomerate, that includes the south facing portion of
the promontory, and by the marly limestone flysch (Mt. Antola Flysch) near the link with
the coastline [44,51]. The contact between the two formations, partially due to tectonic activity,
is oriented WNW-ESE from Cervara to San Nicolò. Morphology is dominated by the influence of
direct faults, connected to the extensive tectonic activity of the continental margin that has been active
during the Quaternary.
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numbered 1 to 5 and Corine Land Cover 2018 tipology: 1122: Discontinuous built-up areas with family 
houses with gardens; 223: Olive groves; 2231: Abandoned Olive groves; 243: Agricultural areas; 3111: 
Broad-leaved forests with continuous canopy, not on mire; 312: Coniferous forests; 3112: Broad-
leaved forests with continuous canopy on mire; 313: Mixed forests; 323: Sclerophyllous vegetation; 
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shows the area in the following Figures 5 and 6. 

Table 1. Main morphometric features of the five studied catchments (see Figure 2B for location). 

Catchment Surface (km2) Mean Altitude (m) Max Altitude (m) Mean Gradient (%) 
1 0.02 60 158 73.8 
2 0.56 312 604 78.2 
3 0.48 320 531 67.9 
4 0.10 219 390 79.6 
5 1.48 249 478 51.4 

Figure 2. (A) Portofino promontory geographical sketch; dark blue box: stone wall bases detection
test area (Figure 4); (a) San Rocco; (b) San Nicolò; (c) Cervara; (d) Le Gave. (B) The studied areas
numbered 1 to 5 and Corine Land Cover 2018 tipology: 1122: Discontinuous built-up areas with family
houses with gardens; 223: Olive groves; 2231: Abandoned Olive groves; 243: Agricultural areas; 3111:
Broad-leaved forests with continuous canopy, not on mire; 312: Coniferous forests; 3112: Broad-leaved
forests with continuous canopy on mire; 313: Mixed forests; 323: Sclerophyllous vegetation; 324:
Transitional woodland-scrub; 332: Bare rocks; 333: Sparsely vegetated areas. The dotted box shows the
area in the following Figures 5 and 6.

The clastic elements in the Conglomerate of Portofino are made by marly limestone, sandstone,
limestone, cherts, ophiolite and gneiss; layers thickness may reach meters and include arenaceous
interlayers. Several typical outcrops may be observed in the south facing slopes and cliffs between
Punta Chiappa and Portofino (Figure 2A): the rocky cliff reaches 200 m in height. Wave weathering
and molding action dominates the morphological evolution of the cliffs, due to wind coming from SE,
the predominant, and from SW, the prevailing.

The structural asset of the conglomerate is characterized by strata tilting smaller than 20◦ and
direction comprised between SE and SW. Several fault and fracture systems are present in the rocky mass
both at the macroscale and at the mesoscale: the main ones are oriented NW-SE and NE-SW [45,52,53].
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The Mt. Antola Flysch is characterized by marly limestone and marl with shales, siltstones and
calcarenites interlayers. The structural asset is dominated by some folding phases: at the larger scale
the isoclinal folds has an SSW vergence and WNW-ESE axis orientation. Some typical outcrops are
present in the western slopes that are hit by the waves coming SW; in this area, both debris flow and
low/very slow landslides happen.

The high contrast between Conglomerate and Flysch resistance to folding cause many landslides
to develop along the contact between the twos [52]; the larger ones are on the eastern side of the
promontory in Le Gave (Figure 2A) and on the western side close to San Rocco village.

Catchments in the promontory share similar morphometric features: small extension and high
slope gradients with the consequent high relief energy (Table 1). The study area includes five small
catchments (Figure 2B) with mean slope gradient ranging from approximately 50% to 80% and a
maximum altitude that reaches 604 m a.s.l. at a very short distance from the coastline. These features
cause strong intensity in erosion, both diffuse and concentrated (Figure 3); many small landslides are
present in catchment n. 5 but downcutting talweg is spread among all the studied catchments.

Table 1. Main morphometric features of the five studied catchments (see Figure 2B for location).

Catchment Surface (km2) Mean Altitude (m) Max Altitude (m) Mean Gradient (%)

1 0.02 60 158 73.8
2 0.56 312 604 78.2
3 0.48 320 531 67.9
4 0.10 219 390 79.6
5 1.48 249 478 51.4Water 2020, 12, x FOR PEER REVIEW 6 of 21 
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(9) erosional coastal scarp; (10) bedding; (11) certain fault; (12) presumed fault; (13) debris cover; (14) 
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2.2. Meteorological Settings 

The Portofino promontory is characterized by a Mediterranean climate, Csa: hot-summer 
Mediterranean climate, sensu Koppen [54], with temperatures ranging between 21 and 27 °C in July, 
and mild winter with temperatures ranging from 5 and 11 °C in January. Rainy days are quite spread 
in every season with a higher concentration in fall: the mean annual rain is approximately 1300 mm 
and 350 mm in fall. 

The peculiar morphology of the promontory causes strong local spatial variations in 
microclimate because of the altitude effect, variation in aspect of the slopes and the distance from the 
sea. Intense rain events are mainly related to the Genoa Gulf cyclogenesis (Genoa Low) [54] that 
triggers the main source of geo-hydrological hazard. The low pressure is generated by the incoming 
of Atlantic cold air masses of the Rodano valley that, impacting Corsica relief, are deviated to NE. 
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The circulation generates intense rain precipitations, mainly between August and November, with 
events with high, short duration peaks that usually exceed 50 mm/h in less than 6 hours. The related 
ground effects are often severe with floods and spread shallow landslides that cause damage and, 
occasionally, even casualties [48–51]. The more frequent and widespread geo-hydrological hazards 
are debris/mud flows and flash floods, always involving exposed elements such buildings and 
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promontory starting from the year 1900. 

On 25 September 1915, the combination of flash floods and shallow landslides caused one of the 
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destroyed in some small coastal plains and even casualties occurred. Precipitation reaching 
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Figure 3. Geological/geomorphological sketch of the studied catchments. (1) Fluvial erosion scarp; (2)
surface affected by rill/inter-rill erosion; (3) incising riverbed; (4) landslide scarp, active; (5) landslide
scarp, inactive; (6) isolated fallen/toppled block; (7) landslide, active; (8) shallow landslide, soil slip;
(9) erosional coastal scarp; (10) bedding; (11) certain fault; (12) presumed fault; (13) debris cover;
(14) Conglomerates with sandstone layers; (15) marly limestones, clayey shales, siltstone and marls;
(16) culvert.

The presence of terraces in the territory is historical and produced important geomorphic
modifications that resulted in changes to the vegetation and drove the early settlement evolution [8,23].
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Terraces are an essential component of the landscape and, in some area, slopes have been totally
modified. Large olive grove areas, in use or abandoned ones, are present in the promontory and in
the studied catchments (Figure 2A,B) and, because of the high slope gradient, they all coincide with
terraced areas. Many other terraces are diffusively spread in re-vegetated areas or in totally abandoned
ones. The central part of the promontory is mainly covered by wood land, while the warm south facing
slopes are dominated by Mediterranean scrub (Figure 2A,B).

2.2. Meteorological Settings

The Portofino promontory is characterized by a Mediterranean climate, Csa: hot-summer
Mediterranean climate, sensu Koppen [54], with temperatures ranging between 21 and 27 ◦C in
July, and mild winter with temperatures ranging from 5 and 11 ◦C in January. Rainy days are quite
spread in every season with a higher concentration in fall: the mean annual rain is approximately
1300 mm and 350 mm in fall.

The peculiar morphology of the promontory causes strong local spatial variations in microclimate
because of the altitude effect, variation in aspect of the slopes and the distance from the sea. Intense rain
events are mainly related to the Genoa Gulf cyclogenesis (Genoa Low) [54] that triggers the main source
of geo-hydrological hazard. The low pressure is generated by the incoming of Atlantic cold air masses
of the Rodano valley that, impacting Corsica relief, are deviated to NE. Consequently, humid and cool
winds are induced to move from SW directions toward N, to the Ligurian Gulf. Temperature contrast
between humid and cold air masses with the warm sea surface and the interaction with the Liguria
morphology, generate the Ligurian Sea stationary low pressure. The circulation generates intense rain
precipitations, mainly between August and November, with events with high, short duration peaks
that usually exceed 50 mm/h in less than 6 hours. The related ground effects are often severe with
floods and spread shallow landslides that cause damage and, occasionally, even casualties [48–51].
The more frequent and widespread geo-hydrological hazards are debris/mud flows and flash floods,
always involving exposed elements such buildings and infrastructures. In Table 2 are shown the more
damaging events occurred on the Portofino promontory starting from the year 1900.

On 25 September 1915, the combination of flash floods and shallow landslides caused one of
the more damaging events along the whole coastline between Genova and Chiavari [55]: buildings
were destroyed in some small coastal plains and even casualties occurred. Precipitation reaching
approximately 400 mm/3 hrs, triggered a large debris flow-type event along San Fruttuoso slopes that
partially destroyed the ancient Abbey, generating the beach. Significant damage occurred even in the
Paraggi bay area, after flooding and stream erosion.

Similar events happened on 4–5 October 1995 and on 25 January 1996 [13,56]: flooding in Santa
Margherita Ligure and Rapallo and many debris/mud flows occurred causing widespread damage.
The more important debris flow happened downward Le Gave (d in Figure 2A). Similar intense,
critical and rapid events happened close to San Rocco village (a in Figure 2A) in 1961, 1964, 1995 and
2002 [13,49,52,56]. On 26 July 2014, in San Fruttuoso, a 120 mm/2 hrs event caused the collapse of some
terraces and the subsequent mud/debris flow that reached the seaside moving along the ‘Fosso di San
Fruttuoso’ creek, resulting in hard damage to touristic facilities during the full season.

Slow moving landslides are quite widespread and happen frequently on the promontory: some
are large ancient reactivated landslides, but most involve stone walls terraced slopes. The more
important occur both in the western and in the eastern side of the promontory.
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Table 2. The main flood, debris flow and landslide events from 1900 to the present day (modified from
Brandolini et al. [48], Faccini et al. [55], Turconi et al. [57] in press). Rain gauge: Santa Margherita
Ligure (SML), Camogli (CAM), MPOR (Monte di Portofino).

Day/Month/Year Daily Rainfall Rain Gauge Overview

12 October 1911 - -
Severe floods in Santa Margherita Ligure (San Siro

stream) and Camogli (Gentile stream) cities, widespread
debris/mud flows on Mount of Portofino

25 September 1915 440 mm SML

One of the most disastrous floods ever recorded, 1 victim
in Camogli, floods in Santa Margherita Ligure (San Siro

stream), Camogli (Gentile stream) cities. Widespread
landslides debris flows (San Fruttuoso catchments)

15 October 1953 170 mm SML
Flood in Santa Margherita Ligure city, overflowing of the

San Siro and Magistrato streams, severe damage and
shallow landslides triggered on the whole area

18 November 1959 90 mm SML
Flood in Santa Margherita Ligure city, overflowing of the
San Siro stream, damage in the historical centre, shallow

landslides widespread on Mount of Portofino

06 September 1961 180 mm SML

Flood in Santa Margherita Ligure city, overflowing of the
San Siro stream, damage in the old city, shallow

landslides widespread on the Mount of Portofino,
mainly on the W slope

28 October 1961 250 mm MPOR
Flood in Santa Margherita Ligure city, overflowing of the

San Siro stream, widespread shallow landslides and
mud/debris flows on the Mount of Portofino

1 December 1961 95 mm * - Debris flows on the W slope of the Mount of Portofino
(Castellaro)

18 April 1963 90 mm CAM Debris flows on the W slope of the Mount of Portofino
(San Rocco, Mortola)

04 December 1963 150 mm SML
Flood in Santa Margherita Ligure city, overflowing of the

San Siro stream, and on Portofino (Fondaco stream),
shallow landslides on the whole area

30 March 1964 70 mm CAM
Debris flows and landslides on the W slope of the Mount

of Portofino (San Rocco), road interruption
for some villages

28 December 1964 30 mm SML Debris flows and landslides on the W slope of the Mount
of Portofino

16 October 1987 100 mm SML Landslides on the E slope of the Mount of
Portofino (Gave)

27 September 1992 85 mm CAM Widespread shallow landslides and debris flow on the
Mont of Portofino

05 October 1995 250 mm * -
Last flooding event in Santa Margherita Ligure city,
overflowing of the San Siro and Magistrato streams,

shallow landslides all over the Mount

25 January 1996 110 mm * - Debris/mudflows on the E slope of the Mount (Gave),
road interruption

06 November 2000 90 mm CAM Shallow landslides all over the Mount, interrupted road
to Portofino

24 November 2002 90 mm CAM Debris flows widespread on the Mount, in particular on
the W slope

26 July 2014 70 mm MPOR Mud flows along the San Fruttuoso stream, damages to
residential and tourist facilities

25 October 2016 65 mm MPOR Landslide on the slope behind the E hamlet of San
Fruttuoso, evacuate some houses

* Data reconstructed indirectly.
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2.3. Research Methodology

Terrace detection issues have been faced by many authors using various approaches [2,23,25,53].
Of particular concern are localities that have been abandoned for a long time, where field survey
often fails to recognize terraces due to difficulties in accessing some areas and in the covering effect of
uncontrolled re-vegetation. Then, thanks to the wide diffusion of LIDAR (Laser Imaging Detection and
Ranging) data, some analytical methods have been developed to automatically detect and enhance
the discernibility of a terraced slope [6,42–44,58–62]. The crucial aspect for every automatic detection
methodology is data accuracy: good quality data allow the identification of terraces even in abandoned
areas with uncontrolled vegetation, while poor quality data may induce errors, limit or even not allow
correct identification.

Terraced surfaces in the studied area have been detected with both indirect and direct approaches:
after remote sensing data analysis, a direct survey has been performed where possible to control and
arrange the final results. For the indirect analysis, vector and raster data have been used within a GIS –
Geographical Information System open source software (Quantum Gis 2.18). In Table 3, data used
are shown: all the vector data and orthophotography of Portofino have been acquired by the local
authority (Liguria Region), while LIDAR DTM (Digital Terrain Model) from Environmental Italian
Minister. Google Earth images have been used for the high detail and for their recent acquisition;
their analysis has been performed in parallel with the Portofino flight one, considering the different
vegetation cover and always switching to the one that allowed the better terraces recognition.

Table 3. Vector and raster data used.

Name Source Type Scale/Pixel Date

Corine land cover Regione Liguria Vector 1:10000 2018

Catchment Regione Liguria Vector 1:10000 2019

Hydrographical
network Regione Liguria Vector 1:10000 2019

Footpath Regione Liguria Vector 1:25000 2019

Roads Regione Liguria Vector 1:5000 2007

Contour levels Regione Liguria Vector 1:5000 2007

Slope gradient Regione Liguria Vector 1:10000 2016

LIDAR DTM Environmental Italian Minister Raster 1 m 2008

Orthophotography Regione Liguria Raster 0.15 m 2004

Orthophotography Google Earth SPOT Image Raster 2.5 m 2018

Note: SPOT Satellite Puor l’Observation de la Terre: remote sensing satellite constellation.

The available LIDAR DTM is affected by a banding effect in N-S and E-W directions that is
particularly intense in some zones. Many efforts have been spent in trying to filter data and reducing the
banding effect, but no satisfying result has been obtained. This issue critically impacts the performance
of semi-automatic detection techniques and then a combined approach has been followed, using several
methodologies: the Sky View Factor computation, a new semi-automatic technique and the aerial
orthophotography analysis. Finally, a direct survey has been applied where possible. Sky View Factor
has been applied considering its suitability in recognizing terraces [63]; the computation has been
performed in SAGA (System for Automated Geoscientific Analysis) open source GIS, using 16 sectors.

A new semi-automatic technique methodology for terrace identification is proposed, focusing on
stone walls base detection (Figure 1). A routine developed in SAGA GIS called local upslope curvature
(LUC) has been applied to the LIDAR DTM in order to identify the base as a high negative curvature
zone, orthogonal to the highest gradient direction. LUC is defined as the mean of local curvatures of



Water 2020, 12, 435 9 of 20

the directly neighboring upslope contributing cells in SAGA GIS documentation, where local curvature
is defined as the sum of gradients to the neighboring cells; the higher negative values allow to evidence
the stone walls basis, as evidenced in the test area (Figure 4).Water 2020, 12, x FOR PEER REVIEW 10 of 21 
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The methodology has been tested in an area near the study area, shown with a dark blue square
in Figure 2A, where a direct control has been done. The test area is almost completely terraced as it is
even evidenced by the land use: olive grove and agricultural use is possible only with terracing due to
the high slopes’ gradient. Results are presented in Figure 4, where LUC and identified terraces are
compared to the aerial orthophotography from the Portofino survey 2004. The methodology allows to
clearly identify some terraces, but others are avoided due to the noise in the original data that causes
the N-S and E-W banding.

There is another limitation in the semi-automatic detection of terraces beside the DTM banding:
resolution affects the possibility of detecting terraces below a specific width (Figure 1). The test area
allows evaluating terraces with a width over approximately 3 m; under that value it is difficult, and a
higher resolution would be needed. The direct survey allowed the identification of terraces 2 m wide
that, probably, would need a 0.5 m DTM for the semi-automatic detection.

The integration between the LUC method and the aerial orthophotography analysis, using both
the 2004 and 2018 flight, allows to reduce the errors and uncertainty induced by banding in the LIDAR
DTM. These results have been combined to the ones obtained from the Sky View Factor computation
through a union operation and getting to a final overall terrace identification.

3. Results

3.1. Terrace Identification

The combined results of the LUC methodology, Sky View Factor, orthophotography analysis
and field survey facilitated detection of terraces in the study area: many terraces would have been
impossible to recognize with only direct survey both for the impracticality of accessing some private
properties and for the uncontrolled re-vegetation of the abandoned areas. In Figures 5 and 6, the partial
results for the dotted square area in Figure 2B are shown. Orthophotography analysis (Figure 5),
despite the high resolution, allowed only a very partial recognition due to the dense vegetation,
while LUC method, despite the banding effect, allowed a wider detection. Detected terraces through
Sky View Factor (Figure 6) and LUC methodologies largely coincide but, in some cases, both failed in
recognizing terraces revealed by the direct survey. This lack is probably due to the banding effect in
LIDAR data and to the limitations of their spatial resolution.Water 2020, 12, x FOR PEER REVIEW 12 of 21 
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In particular, the combination of the adopted methodologies let us recognize terraces in inaccessible
areas and where vegetation is dense as LIDAR data have been acquired in late fall 2008 when the
canopy effect was at its low. This result is of special importance in area 5 as terraces are largely
abandoned in the lower part of the catchment and vegetation often avoid the direct detection.

The overall result for the five small catchments is shown in Figure 7 where, after a direct survey
control, are highlighted the in use and maintained terraces; all the results are summarized in Table 4.Water 2020, 12, x FOR PEER REVIEW 13 of 21 
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Table 4. Terraced surface and the in use/maintained percentage for the studied catchments.

Catchment
Terraced Surface

Terraces in Use (%)
(m2) (%)

1 7300 35.7 0
2 10,270 1.8 17.1
3 59,630 12.4 7.5
4 0 0 0.0
5 870,050 58.6 16.6

The area number 1, which is not a catchment but a slope draining directly to the sea, is largely
occupied by terraces belonging to an historical olive grove that is protected by the regional
Superintendence for the Landscape. The adopted technique and the direct survey allowed to
precisely identify its boundary and the actual use condition. Currently, it is in total abandonment:
vegetation has been partially substituted by scrub and erosion and partial collapse of stone walls highly
threaten its intact state and existence. For these reasons, the indirect methodologies partially failed
in detecting terraces that only the direct survey allowed. Its presence is related to the Abbey in San
Fruttuoso (dated approximately 1000 a. C.), like all the terraces in catchments 2 and 3; then their origin
is linked to the Abbey as many ancient documents testify their presence. The total abandonment of
terraces dates back to the period after the WW II.

In catchment 2, the few terraces are completely concentrated in the lower part, close to the ancient
Abbey, while in catchment 3 they are distributed along approximately 12.4% of the surface and are
largely in abandonment. In catchment 4 no terraces have been detected.

Catchment 5 presents a large terraced surface, amounting approximately 58.6% of the total; even in
this case terraces are mostly in abandonment. The maintained ones are prevalently in the southern
aspect slopes. In the past and until 19th century, more than 30 mills where present in the catchment
and trade and processing were highly active in this small area. Nowadays the catchment is part
of the highly valuable Portofino promontory and only terraces close to some building are in good
maintenance conditions.

The detected terraces only partially coincide with the presence of olive groves, in abandonment or
not, and agricultural areas that are indicated in the land cover map of Figure 2B. Recently, some areas
have been recovered, particularly in catchment 5 in the south aspect slopes in its central portion.

3.2. Terraces, Erosion and Ptential Element at Risk

The largely abandoned terraces in the studied areas represent a possible cause of hazard [12,20,34,
37]: erosion and collapse of terraces may be an additional source area for debris, general instability
and shallow landslides. Recently, many events of collapse involved terraced areas in the region in
a similar context, due to high rain intensity phenomena: in 5 Terre (close to La Spezia—Figure 2A)
in 2011, more than 300 small debris caused a total amount of approximately 100,000 m3 in a 5.4 km2

catchment [13,32,33] and in 2014 in Leivi, approximately 12 km east from the studied area (close to
Chiavari—Figure 2A), debris moved from a terraced area, causing two casualties [40]. Another shallow
landslide event happened in late November 2019, impacting a highway pier and causing its collapse
close to Savona, in the wester Riviera at approximately 60 km west from the studied area.

The direct survey allowed identification of stone walls instability and erosion: many processes are
active due to the high relief energy (Figure 3) and their effect may combine with the possible instability
of debris and sediments trapped into terraces. Some examples are shown in Figure 8 from catchments
n. 5 and n. 3: in the former the possible debris could get into the stream and then run down quickly
along the compluvium, increasing the solid transport. In the latter, terraces are directly on the rocky
outcrop due to the high gradient and are partially collapsed; in this area, soil is present only in terraces.
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Figure 8. Examples of partially collapsed terraces: up, in the medium catchment n. 5 and down,
on conglomerate substratum in the catchment n. 3.

Then it is crucial to evaluate areas that may be a potential source of hazard and the eventual
exposed elements. In the studied areas, despite the low degree of urbanization, various kinds of
elements are present: the Cultural Heritage of the ancient San Fruttuoso Abbey in catchment 2 that is
immediately downward a steep terraced area, residential buildings and tourism facilities. Besides,
the stream in catchment 2 is culverted and passes under the Abbey (Figure 9A–A’): it is probably one
of the older culverts ever detected. The damaging power of a possible debris moving from the slopes
upward the culvert was shown during the flood in 1915 when the western part of the Abbey partially
collapsed and the debris formed the beach.

At the mouth of catchment n. 3, some touristic facilities and buildings are exposed to the eventual
debris caused by a sudden collapse of terraces in the upward slopes. Terraces are diffuse around the
two compluvium even in the middle part of the catchment, then a relatively high volume of debris
may impact the structures moving from high-gradient slopes.

In catchment n. 5, many private residential buildings may be impacted by debris/hyper-
concentrated flow, but the most exposed elements are the culvert at the stream mouth (Figure 9B–B’)
and all the buildings and road that lay on it. The culvert section drops down from the inlet to the
outlet and it appears to be insufficient if large quantity of debris should move from the upward
slopes. The possible saturation of the transport capacity of the culvert would cause water and debris
to overflow, then damaging touristic facilities, private buildings and the road that runs along the
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coastline linking Portofino with Santa Margherita Ligure and with the highway. After the 2018 sea
storm, the road partially collapsed and its interruption caused large economic loss in the area, resulting
in approximately six months of work in order to be renovated.
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4. Discussion

The importance of the accurate identification of terraced area is essential in evaluating the
possible landscape evolution and processes that may result in hazard increase. It is crucial even for
identifying the elements at risk: spatial relationships assessment between the possible instability
areas and the exposed elements is fundamental for planning activity and to adopt appropriate
mitigation interventions.

High slope gradient areas, like Portofino promontory, are characterized by low deposits, debris
cover and soil accumulation: the high relief energy causes an intense erosion activity both concentrated
and diffused, avoiding deposition. Terraces represent a relatively large mass of debris, soil and
sediments immobilized along the slopes by human activity along the time [12]. Locally, in Portofino
area, terraces may date back at the origin of the primitive settlement like the Abbey in San Fruttuoso,
as testified by historical documents [8,23]. This anthropogenic immobilization needs a permanent
maintenance activity to avoid the effect of erosion. Besides, soil and landscape, that is characterized by
terraces, are unrenewable resources whose loss would impact even the local economy that is essentially
based on tourism.
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Terraces and associated soil and debris may represent source areas for shallow landslides [64] and
fast developing processes like debris flow and hyper-concentrated flow that can be triggered by intense
rain events [47,51]: several events happened in the Liguria region in the recent past. These processes
may affect buildings, infrastructures and Cultural Heritage causing a high potential damaging effect
on people and on the local economy. In the recent past, many events happened even in the Portofino
promontory, particularly in the catchment n. 2, n. 3 and n. 4 of the studied area, due to the strong local
effect of intense rain events, but more intense events happened recently along the coastline. Then it is
important to evaluate what could be the consequence of such events in the study area.

The limited extension of the catchments and the strong slope gradient cause a direct relationship
between the slopes and the coastline: time of concentration is approximately few minutes and
debris/hyper-concentrated flow can reach high speed moving to the lower part of the catchment,
where most of the hazard-exposed elements are concentrated. Then, the high speed of the eventual
moving masses would result in high energy impacting structures and buildings that lay on the potential
trajectories, like that which occurred during the 1915 event in San Fruttuoso with the partial collapse
of the Abbey.

It must be underlined that, in case of intense rain events, the diffuse presence of dead trees on the
ground, caused by the recent wind storms in 2016 and 2018, would be available as floating transport
elements in the stream network, adding to the possible debris/hyper-concentrated flow. This moving
mass, if it should reach the stream mouth in catchments n. 2 and n. 5, would impact the culverts easily
saturating their transport capacities. The consequence would be the flooding of the surroundings and
the possible impact of debris on buildings and touristic facilities; potential damage would involve the
Abbey in catchment n. 2 and the road and buildings in catchment n. 5. Similar effects may happen in
catchment 3, as in 2014: despite the lack of a culvert, some buildings are present at the stream mouth.
The possible collapse of the terraced slope in catchment n. n. 1 would result in the definitive loss of an
historical olive grove with a permanent damage for the landscape.

The combined detecting approach followed in the present research allowed recognition of
abandoned stone walled terraces and those covered by uncontrolled vegetation that were not recognized
before using traditional methodologies [23], in particular in catchment n. 5. The localized terraces only
partially coincide with the olive grove and agricultural areas identified in the recent Land cover map
in Figure 2B, as vast are the abandoned areas.

In order to prioritize the terraced areas in terms of a potential hazard source of debris/hyper-
concentrated flow, a classification of slope gradient has been done (Figure 10). Several authors
considered slope gradient [37] as a driving factor for instability processes: Brancucci and Paliaga [12]
identified a slope gradient higher than approximately 60% for the increasing instability of stone wall
terraces and similar values have been obtained considering shallow landslides involving terraces after
the 5 Terre 2011 flash flood [33]. Comparable values were found by Cevasco et al. for the shallow
landslides that occurred in 2014 in Leivi [40]. Some preliminary evaluation about recent similar events
in the Liguria region could even suggest a lower threshold level of approximately 50% for shallow
landslide triggering in case of fully saturated soil after intense and prolongated rainfall.

The three slope gradient classes in Figure 10 could be intended as a priority attention scale for
terraces but all of them belong to the critical value over 50%. The further factors to be considered
are the closeness to the hydrographical network as a connectivity factor and the local morphometry:
hollow landforms tend to concentrate running water and then magnify the eventual destabilization of
the cover that, in some areas, is essentially constituted by terraces.

While in catchment 1, terraces are on a slope belonging to the gradient class 51%–75% and
hazards threaten only the terraced slope itself, in number 2, 3 and 5, the morphometric context and the
relationship with the exposed elements appear more critical. In number 2, terraces belong to the two
higher gradient classes and are close to the stream and to the Abbey. In number 3, terraces belong
to the medium gradient classes but are spread in the catchment, in the higher, medium and lower
portion and close to the hydrographical network: hollow landforms could contribute in inducing
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the activation of debris/hyper-concentrated flow that, considering the streams profile high gradient,
could cause the moving masses to reach high speed with a consequent high impact energy on the
buildings along the seaside. Catchment n. 5 is the largest of the studied ones and presents widespread
terraces belonging to the three slope gradient classes; the higher are in the lower and medium portion.
Many terraces belong to a hollow morphometry and are close to the streams, then both the critical
factors are combined. In this case the culvert, which is more than 170 m long and whose section is
approximately 5 m2 at the outlet, could be easily saturated in its transport capacity considering the
possible dam effect of the joined floating and solid transportation.

Considering the active geomorphic processes in the area, which are driven by the high relief
energy due to the high slope gradient, the possible instability related to the terraced areas could be
adding to landslides, diffuse erosion and incision that affect particularly most of the catchment 5.
Regarding land cover (Figure 2), the presence of forest tree on abandoned terraces in the central part
and right hydrological side in catchment n. 5 could be a factor of reducing the potential instability,
due to a better protection effect from the running water; on the contrary, the olive grove, shrubs and
mixed vegetal cover may be considered as a worsening factor.
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5. Conclusions

The identification of terraces in the study area has been performed with a combined technique
trying to overcome two major issues: the difficult accessibility of some areas and the banding effect
that disturbs the available LIDAR DTM. The combined use of direct survey and remote sensing
data analysis allowed the identification of terraces and of the maintained ones. Then the spatial
relationships with exposed elements were analyzed and combined with the geomorphological features
of the studied areas.

The potential hazard related to possible debris/hyper-concentrated flow that can be triggered
during intense rain event is great and involves elements like private buildings, tourism facilities,
Cultural Heritage and a road. The geo-hydrologic hazard is a threat, both to the cultural integrity of the
stone walled terraces and downslope locations to which they might be displaced during storm event.
The potential damage could be high, considering the importance of tourism for the local economy
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and the eventual loss of unrenewable resources like landscape and soil in a high-value natural area.
Besides, the ancient Abbey could be damaged as has previously occurred.

The assessment that emerges from the study could be used to plan a series of diffuse interventions
aimed to reduce instability and stimulate recovery of abandoned terraces and maintenance in the in-use
ones with proper techniques: preserving dry stone wall permeability and cleaning and maintaining
the water draining system that was arranged when terraces were realized. Besides, particular attention
must be paid to situations where possible debris/hyper-concentrated flow may impact directly buildings
and allocate funds to stimulate recovery of terraces that are in the more critical areas and conditions.
The difficulty of implementing adequate measures due to private properties must be underlined: direct
public interventions are not possible but funding may be used, considering priority areas, only after
agreement with private owners.

Another critical aspect that emerged from the study is the presence of culverts at the stream mouth
of two catchments: in case of debris/hyper-concentrated flow, like the ones that occurred in the 5 Terre
flash flood in 2011, the saturation of the transport capacity would be highly probable and the high
energy would produce severe effects.

The study results suggest the need for a holistic approach to instability issues related to intense
rain events: small catchments in mountainous areas by the sea react immediately to intense events
and the relationships between the upper part of the catchment and the lower part, where most of
the exposed elements lay, are direct. The effects of instability in the upper catchment may suddenly
reproduce its effects in the lower catchment, and so it is essential to understand these strict links and
prevent more critical situations.

Finally, similar situations may be found along the whole Liguria region and even in other similar
contexts in Italy: the Campania coastline and Sicily in particular present widespread terraced areas in
high-gradient slopes and often face intense rain events. In the Mediterranean, many areas share the
same kinds of problems: the Balearic Islands in Spain, the Cote d’Azur in France and the Greek islands
and coastline. A holistic approach and a proper evaluation of instability issues related to terraces could
be similarly adopted to mitigate risk.

Further development of this research will be addressed to a new and better quality LIDAR survey,
possibly with a higher resolution that would allow the identification of even terraces with a smaller
width that have been detected through the direct investigation.
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