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ABSTRACT

Coastal areas are dynamic environments that easily change over time. To contribute to a better
understanding of natural and anthropogenic factors that may have contributed in the past
and/or control present-day and near-future coastline modifications, we have realised a
chronologically arranged sequence of three geomorphological and geothematic maps
focusing on the southern Molise coast (Adriatic coast, Italy). The first two maps concern the
geomorphological and anthropogenic modifications that occurred respectively from the
Holocene to the 1950s (Map 1), and from the 1950s to the Present (Map 2). The third map
deals with the present-day conditions and near-future scenarios of coastal hazard
considering the period from the Present to the year 2050. Results obtained and comparative
observations of the three maps highlight the elevated shoreline mobility of the Biferno River
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alluvial coastal plain sector, and its high susceptibility to further coastal hazard due to

erosion and inundation.

1. Introduction

Coastal areas are among the most dynamic environ-
ments undergoing deep and frequently rapid modifi-
cations over time that may deeply alter their
morphological setting. At the same time, thanks to
their resources and facilities, coastal areas are subject
to growing anthropisation and progressive increase
of already high population densities (Neumann
et al., 2015). Therefore, the evaluation of coastal vul-
nerability, i.e. the degree to which littoral systems
and communities are exposed and sensitive to coastal
hazards, as well as their capacity to adapt and recover
from related impacts (Anfuso et al.,, 2021; Benassai
et al., 2015; Dolan & Walker, 2006; Gornitz, 1991;
Mclaughlin & Cooper, 2010), is crucial for effective
coastal management, adaptation planning, and the
preservation of coastal ecosystems and livelihoods.
Coastal vulnerability is influenced by a multitude of
factors, among which topography and sediment
dynamics are very relevant (Budillon et al., 2020,
2022). Coastal areas with low-lying topography,
narrow beaches and limited sediment supply are
often more vulnerable to erosion, storm surges and
sea-level rise (Griggs & Reguero, 2021; Karle et al.,
2021). In contrast, coasts with natural protective

features such as barrier islands, dunes and wetlands
tend to exhibit higher resilience to coastal hazards.
Climate change plays a significant role in increasing
coastal vulnerability. Rising sea levels, higher fre-
quencies, and intensities of storms as well as changes
in precipitation patterns pose substantial risks to
coastal communities and ecosystems. Sea-level rise
threatens to inundate low-lying coastal areas, erode
shorelines, and intrude into freshwater resources,
exacerbating the vulnerability of coastal regions
(Church et al., 2013; IPCC, 2021; Kopp et al,
2016). Human activities and population growth
along the coast also contribute to coastal vulner-
ability. Urbanisation, industrialisation, and infra-
structure  construction alter natural coastal
processes, disrupt ecosystems, and increase exposure
to hazards.

When trying to deepen our understanding of the
actual equilibrium/disequilibrium and potential future
development of a coastal area, the reconstruction of its
geomorphological and anthropogenic short to long-
term evolution along with the assessment of possible
future trends gets of crucial importance. This also to
reconstruct a chronological frame of the identified
events and modifications.
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Figure 1. Geological sketch map of the Molise Region coastal area, with the characterisation of the coastline typology (after

Bracone et al., 2012 and Rosskopf et al., 2018).

In this framework, the sector of the Molise Region
coastline that is located south of the Termoli promon-
tory (Figure 1), named the southern Molise coast, rep-
resents a typical example of low-lying sedimentary
coast, suitable for this kind of studies thanks to the
presence of numerous geomorphologic elements and
dated archaeological traces.

The main aims of this study are: (1) to recon-
struct the Holocene to Present geomorphological
evolution of the southern Molise coast; (2) to under-
stand its human occupancy over time in response to
coastal modifications; (3) to recognise the relation-
ships between areas prone to coastal dynamics and
coastal defence structures; (4) to assess near-future
trends of shoreline position and coastal inundation.
To this purpose, we carried out a review of geologi-
cal, geomorphological, and archaeological data,
mostly extracted from literature, remotely sensed
data, geographic and topographic maps, which we
integrated with data coming from recent surveys
and field observations. Furthermore, we added new
data on actual to near future coastal vulnerability
aspects.

Based on acquired data, we constructed a sequence
of three, chronologically arranged, geomorphological
and geothematic maps to illustrate the following
aspects of the study coast: the geomorphological and
anthropogenic evolution from the Holocene to the
1950s, considering with particular attention the period
from Roman times onwards; the mid to short-term
geomorphological and anthropogenic evolution from
the 1950s onwards; the actual coastal vulnerability
and the related near-future perspectives under the
influence of ongoing climate changes and related
trends to sea-level rise (period Present — 2040/2050).

2. Main features of the southern Molise
coast

2.1. Geological and geomorphological
background

The study coast is about 15 km long and coincides
with the southern portion of the Molise Region coast-
line. The Molise coast falls entirely in the physio-
graphic unit of Punta Penna (Abruzzo) — Punta



Pietre Nere (Apulia) and is split by the Termoli pro-
montory (Figure 1) into two nearly independent
sub-units with a WNW and NW-SE orientation,
respectively, namely the northern and the southern
Molise coast. As highlighted by previous studies (e.g.
Aucelli et al., 2018; Rosskopf et al., 2018 and references
therein), the Molise coastline is predominantly made
of sandy low coast. A high coast sector is present in
its central portion including the protected cliff of the
Termoli promontory (Figure 1) and the adjacent
coastal stretches characterised by inactive sea cliffs
(Rosskopf et al., 2018) which are located few tens up
to few hundreds of metres from the present shoreline.
The beaches are therefore almost continuous along the
Molise coast except in the river mouth areas of the
Trigno, Biferno, Sinarca and Saccione rivers (Figure
1).

Along the sandy low coast sectors, beaches and
associated dune systems are limited landwards by flat,
low-lying areas underlain by prevailingly fine and easily
erodible, clayey to sandy sediments. These low-lying
areas form the alluvial coastal plains built by the Trigno
and Biferno rivers, and some coastal plains generated
by Mid- to Late Holocene coastal progradation (Ross-
kopf et al., 2018). According to Rosskopf et al. (2018),
three coastal morphotypes are identified along the
southern Molise coast: the inactive cliff, which extends
between the Termoli Promontory and the terrace peak
Punta di Pizzo (Figure 1), the alluvial coastal plain of
the Biferno River, limited landwards by paleo-sea
cliffs and the terminal part of the Biferno valley, and
the coastal plain that extends from Campomarino
Lido up to the Saccione mouth. This coastal plain is
limited landwards by rather well-preserved paleo-sea
cliffs that are southwards replaced by degrading hilly
slopes, both carved in the Plio-Pleistocene succession
formed by the Montesecco Clays, Serracapriola Sands
and Campomarino Conglomerates formations, which
are partially covered by more recent alluvial terraced
deposits (Figure 1). The up to 50 m high paleo-sea
cliffs limit wide and gently degrading terraced surfaces
towards the sea, part of which are the substratum of the
city of Termoli and the small town of Campomarino
(Bracone et al., 2012).

The southern Molise coast is rather anthropized
and hosts two harbours (Figure 1): the Campomarino
touristic harbour, which was built in the mid-1990s
(Rosskopf et al., 2018), and the commercial Termoli
harbour, built in 1937. The latter underwent several
modifications since the 1970s, including the construc-
tion of the adjoining small touristic harbour of Marina
di San Pietro at the end of the 2000s.

2.2. Archaeological background

The southern Molise coast hosts numerous human
traces dating from the prehistoric period up to the
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Renaissance (Bracone et al., 2016; Valente & Cozzo-
lino, 2019), but mainly referring to the Samnite and
Roman periods. Most of the findings consist of surface
material of various ages, but there are also structures
and artefacts related to a necropolis, isolated tombs,
villas and farms, mostly of Samnite and Roman age.
The distribution of archaeological sites and findings
well reflect the need of humans to protect their settle-
ments from foreign invasion and to control the terri-
tory around them. In fact, most of the archaeological
elements are located on the terraced surfaces beyond
the low-lying alluvial coastal plain and the coastal
plain.

The most significant findings refer to the Roman
site of Marinelle Vecchie (see Inset A of Map 1).
This site is located in the Biferno alluvial coastal
plain some hundreds of metres east of the Biferno
channel and approximately 1.5 km from the coast.
The archaeological excavations carried out between
2007 and 2010 (De Benedittis, 2008, 2013) have pro-
vided important data about the human frequentation
of the southern Molise coast between the IV century
BC and the VIII century AD. Traces of house struc-
tures (mosaic fesserae) and remnants of a necropolis
have been found. The necropolis consists of tombs
located at depths of up to 2 metres that are distributed
in three different levels (Bracone et al., 2016), dating
from the middle of the II century AD up to the VII
century AD, when the Marinelle Vecchie site was
definitely abandoned.

Geophysical surveys conducted in 2009, together
with some geoarchaeological field surveys and the
location of Roman findings via GPS carried out in
recent years, have provided important data about the
extension of the Marinelle Vecchie site (see Inset A
of Map 1) and revealed the trace of a recent course
or probably secondary channel of the Biferno River
in a sub-superficial position (Bracone et al., 2016).

One of the most relevant local archaeological ques-
tions concerns the hypothesis of a Roman port located
at the Biferno River mouth (De Benedittis, 2013), which
is supported by various mediaeval documents including
the Cartula venditionis (Martin et al., 2002) dated 828—
832 AD and the Erisi, according to which both Termoli
and Campomarino constituted port centres. This
hypothesis has found strong support in the discovery,
seawards of the necropolis, of abundant ceramic
findings that document the intense and diversified
commercial exchanges between the Marinelle Vecchie
site and other Roman settlements located along the
Adriatic coast and in the Mediterranean area (De Ben-
edittis, 2008, 2013), giving moreover evidence of its
proximity to the coast and/or to the river, but without
this proximity having created negative impacts attribu-
table to river dynamics and/or wave action.

Besides the Marinelle Vecchie site, only a few other
archaeological elements have been found in the coastal
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plain areas. Among these, several traces of a Roman
road, three of which are located on the left of the
Biferno River and one within its riverbed (see Inset
A of Map 1). These traces allow supposing the route
path of the Via Inferior that skirted the Adriatic join-
ing Histonium (Vasto), Termoli, Campomarino and
Teanum Apulum (Serracapriola) (Filangieri, 1970).
This road connected the coast with other internal
roads such as the one passing through Larinum (Via
Superior).

Other important sites are the coastal tower of Cam-
pomarino and the ‘scafa’, an anchor place allowing
ferries to pass from one side of the Biferno River to
the other, for which, however, no archaeological data
and literature documentation are available for a pre-
cise location. The tower of Campomarino (Figure 2
(A)) was built in 1568/69 (Marino, 1977) as part of
the tower system erected to protect the coast from
the invasions of the Saracens. It is reported in several
geographical maps until the beginning of the nine-
teenth century AD, such as the Contado di Molise et
Principato Ultra map (Magini, 1620), and the Atlante
Geografico del Regno di Napoli (Rizzi Zannoni, 1808)
(Figure 2(B,C)). The scafa is documented starting
from 1594 AD (Marino, 1977) until the end of the
eighteenth century AD (Rizzi Zannoni, 1792). The
approximate location of both structures, lost before
1869 AD most probably due to divagations of the
Biferno River, has been inferred based on historical
maps and geomorphological considerations.

3. Methods

The constructed main map includes 3 chronologically
ordered panels (i.e. Map 1, Map 2, and Map 3) and
presents the synthesis and reinterpretation of available
geological, geomorphological and archaeological data
extracted from published literature and historical
maps coupled with some new observations and data.

Map 1 shows the long-term geomorphological evol-
ution of the study area, which is chronologically con-
strained between the Holocene and the 1950s. The
base map is a hillshade derived by a DTM with a
5 m horizontal resolution. A view of the topography
in the 1950s was obtained by constructing a DTM
based on the interpolation of contour lines and
elevation points of the 1:25,000 scale topographic
map ‘Termoli’, published by the Military Geographic
Institute (IGM) in 1957. Older shorelines were
extracted from the two 1:50,000 scale sheets ‘Termoli’
published by IGM respectively in 1869 and 1909.
These maps have been carefully georeferenced using
fiducial marks identified both along natural and artifi-
cial structures, such as the Termoli promontory and
the railway line, for which at most very limited modifi-
cations during the last 150 years can be assumed.
Associated with Map 1 is the Inset A placed in the

left portion of the map that shows a detail of the Mar-
inelle Vecchie archaeological area.

Map 2 provides information about the southern
Molise shoreline evolution from the 1950s to the Pre-
sent, and the increasing anthropisation of the coast
over time due to the construction of coastal defence
and harbour structures (Buccino et al., 2020; Paola
et al, 2020). The topographic basis was extracted
from a DTM with a 2 x2 m cell size derived from a
LiDAR survey performed in 2012 by the Italian
Environment Ministry (MATTM, 2012). To analyse
the recent shoreline migrations and anthropogenic
changes, a morphometric analysis was carried out in a
GIS environment by examining a set of six orthophotos
and aerial photos taken in the following years: 1954 in
light brown, 1985 in purple, 1992 in green, 2002 in red,
2012 in black, and 2019 in yellow. The photo-interpret-
ation allowed the reconstruction of the shoreline pos-
itions and the implementation of a database
containing information about the periods in which
the coastal defence structures were constructed,
modified or removed. The identified coastal defence
structures are represented by adherent, submerged
and emerged breakwaters, and by groynes. To ascertain
changes in shoreline position over time, we employed
the Digital Shoreline Analysis System (DSAS), a freely
accessible add-on to ESRI’s ArcGIS (Himmelstoss
etal., 2021). This software facilitates the automatic gen-
eration of evenly spaced transects, along which the
shoreline positions of different ages were compared.
By utilising a Linear Regression Rate of change statistic
(LRR) applied to all shoreline points along each trans-
ect, we were able to calculate shoreline variations. In all,
274 transects were positioned at regular intervals of
100 m, enabling a comprehensive analysis.

Map 3 illustrates the future coastal hazard scenarios
developed for the study area taking in account the
potential Relative Sea-Level Rise (RSLR) projected in
the latest IPCC report (2021). As significant vertical
land movements are not recorded in the studied area
(Aucelli et al., 2018; Bracone et al., 2012; D’ Amico
et al,, 2013), the evaluation of RSLR considered only
the eustatic sea-level rise estimated in the IPCC
(2021). The latter assumes, considering the SSP5-8.5
scenario (NASA, 2022), an average rise of 0.22 m by
2050 for the investigated area. Starting from the con-
sideration that the areas potentially prone to be inun-
dated due to of the RSLR are those lying either below
or slightly above the present mean sea level, a coastal
inundation hazard analysis was carried out by investi-
gating the topography of the study area (see info
related to the DEM carried out for Map 2) by using
the GIS-based ‘bathtub approach’ (Aucelli et al.,
2018; Creach et al.,, 2015; Didier et al., 2018; Poulter
& Halpin, 2007; Rowley et al., 2007; Xu et al., 2022).
Certainly, the method is improvable, but it remains
a valid tool both because it is straightforward to
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Figure 2. (A) View of the coast around the Biferno mouth in 1594 from the perspective of C. Gambacorta, Marquis of Celenza
(Marino, 1977). (B) Map of the Contado di Molise et Principato Ultra (Magini, 1620); (C) Atlante Geografico del Regno di Napoli

(Rizzi Zannoni, 1808).

apply and because it has been shown to be a reliable
tool when compared to other much more complex
methods (48-51%, Didier et al., 2018). Afterwards,
inundation maps were generated for the projected
scenario by using four hazard classes (from HI to
H4) based on different inundation proneness levels
of the coastal territory (Di Paola et al., 2021). Class
HI includes the areas located above 1 m a.s.l., prone
to be inundated only occasionally. Classes H2 and
H3 respectively identify areas between 0.5/1 m a.s.l.
and 0/0.5 m a.s.1, which are prone to frequent inunda-
tion events and permanent morphological changes,
such as beach and dune erosion. Finally, class H4
identifies areas prone to be permanently inundated
because already below the present mean sea level.
The inland limit for the inundation analysis has
been set at 5 m a.s.l., as proposed in the frame of the
EUROSION Project (2004).

To identify the future shoreline in 2040, the DSAS
was used which allows calculating a future shoreline
position (20 years forward) based on historical shore-
line position data. The shoreline forecasting calculation
is based on the use of the Kalman filter (Kalman, 1960),
as developed by Long and Plant (2012), to forecast
future shoreline positions by combining observed
shoreline positions with model-derived positions. The
DSAS Kalman filter, which is initialised with the LRR

calculated by DSAS, estimates the shoreline position
and the change rate for every 10th of a year, and pro-
vides an estimate of positional uncertainty at each
time step. The methodology considers that a linear
regression through past shoreline positions is a good
approximation for future shoreline positions. This
assumption appears to be valid for coastlines like this
one studied, considering that each evaluated shoreline
position in the past is the result of numerous factors,
including sediment input from surrounding rivers,
the presence of human structures, changes in wave
action, and the recorded sea-level rise in recent decades.
Clearly, this allows for modelling within a relatively
recent timeframe, which cannot exceed twenty years
(Abd-Elhamid et al., 2023; Chrisben & Gurugnanam,
2022; Ciritci & Tirk, 2020; Hossen & Sultana, 2023).
To limit related uncertainties, we used the shorelines
dating from 1869 to 2019 reported in Maps 1 and 2.

4, Results

4.1. Integrating Holocene and historical
human-induced geomorphological evolution of
the southern Molise coast

Map 1 spans from the Early/Middle Holocene to 1957.
The most ancient Holocene event documented in
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literature concerns the lagoon that formed around
8100 BP in the innermost portion of the Biferno allu-
vial coastal plain (Amorosi et al., 2016). Its location
allows supposing that the shoreline at that time was
in alignment with the bases of the actual paleo-sea
cliffs that border the terraced surfaces carved in Plio-
Quaternary deposits, turning them active. The lagoo-
nal deposits are covered by Middle Holocene fluvio-
palustrine deposits dated at 5600 BP (Amorosi et al.,
2016), which highlight a significant phase of coastal
progradation that occurred after 8000 BP, even if the
location of the shoreline at 5600 BP has not been
clearly defined up to now. Some remnants of isolated
dune ridges found near the base of the Campomarino
paleo-sea cliff and referred to the Middle Holocene
thanks to the local discovery of protohistoric cherty
artefacts (see below), most probably are related to
this shoreline.

From 5600 BP to 2500 BP, coastal progradation
continued, although in an inhomogeneous manner,
leading to the deactivation of the sea cliff. The seaward
shift of the shoreline allowed human settlements to
move from the top of the terraced surfaces to the
Biferno valley floor and the coastal plain, leaving sig-
nificant archaeological traces of Iron to Roman age
in the southern portion of the coastal plain (Bonifica
Ramitelli). Some remnants of isolated dune ridges pre-
served within the Biferno alluvial plain and in the
coastal plain just near the foot of the Campomarino
paleo-sea cliff most probably are connected to this
shoreline. For them, a Middle Holocene age is inferred
based on the local discovery of cherty artefacts of pro-
tohistoric age (oral communication of De Benedittis
G.) on top of the dune ridge located just east of the
Marinelle Vecchie site (see also Inset A of Map 1),
suggesting an age of at least 3-4000 years for this
dune ridge. The abundance of Roman Age pottery in
front of the Marinelle Vecchie site bears witness to
intense commercial activities (De Benedittis, 2008,
2013), and provides evidence of the easy access to
the site, not conditioned negatively neither by marine
nor by fluvial dynamics. This consideration allows
hypothesising that the Roman shoreline was located
no less than a few hundred metres in front of the Mar-
inelle site. Unfortunately, its precise location is still
unknown due to the lack of related surface and sub-
surface evidence probably because of subsequent
shoreline variations. Some dune ridge remnants for
which a Late Medieval to Renaissance age is inferred
thanks to the Renaissance pottery found on top of
them, give evidence about the approximate position
of a much younger shoreline that was, however,
most likely located rather close to the Roman one.

As shown by the design of the Marquis of Celenza
(Marino, 1977) and the comparison of historical maps,
shoreline progradation gradually transformed the
coastal area starting from the end of the sixteenth

century. Progressive shoreline advance led first to
the formation of dune ridges closing several coastal
ponds behind them, then to the growth of the Biferno
River delta cusp. One of these ponds, called Panta-
nello, located on the left of Biferno River, survived at
least up to 1869. The last phase of coastal progradation
is documented by the comparison of topographic
maps of 1869 and 1909. This phase led to a further
slight growth of the Biferno delta cusp, the filling of
the Pantanello pond, and the formation of the coastal
stretch where afterwards the Campomarino Lido
urban agglomerate developed. The coastal prograda-
tion along the southern Molise coast from 1600
onwards falls within a climate epoch characterised
by cooler/wetter conditions and expanded glaciation,
the Little Ice Age (LIA, Helama et al., 2021 and refer-
ences therein), which is well documented for Europe
and persisted with latest pulsations up to the first dec-
ades of the 1900s. In particular, the persistence in
southern Italy of wetter conditions until the 1930s
and consequent increased slope dynamics, above all
landslide occurrence — moreover favoured by the mas-
sive deforestation operations between the first decades
of the 19th and the 20th centuries — (Scorpio et al.,
2015 and references therein), favoured flood events,
high fluvial sediment loads (in the case of Biferno
River also evidenced by a clear trend to channel
widening between 1870 and the 1950s; Scorpio et al.,
2015), and the increase of sediment delivery to the
coast, promoting coastal progradation.

4.2. Recent shoreline changes and
anthropogenic modifications of the southern
Molise coast

The analyses of recent shoreline changes were con-
ducted using 274 transects generated through the
DSAS tool in ArcMap (Figure 3). Several time inter-
vals were defined (Table 1), providing insights into
long-term, medium-term and short-term shoreline
variations (Figure 3(B-D)). Regarding 1957 to Present
shoreline changes, the comparison between the oldest
(1957 shoreline, light-brown line) and the youngest
shoreline (2019 shoreline, yellow line) shows that the
central portion of the investigated coast has been
widely affected by shoreline retreat, while coastal pro-
gradation occurred both to the north and to the south
of it.

To give a short view of the shoreline changes that
characterised various segments of the southern Molise
coast, we took into consideration six sectors for which
both shoreline changes and annual shoreline rates
were determined (Table 1 and Figure 3). Acquired
data show that between 1957 and 2019 (Figure 3(A))
the Biferno mouth area underwent a total retreat of
358 m, corresponding to an annual shoreline retreat
rate of 5.8 m/yr. In the same time span, most of the
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Figure 3. Annual shoreline rates (in m/yr) along the study coast, represented for the total period 1957-2019 (A) and main periods
1957-1992 (B), 1992-2012 (C) and 2012-2019 (D). The figure also shows the 274 DSAS transects.

Table 1. Shoreline changes (in m) and annual shoreline change rates (in m/yr) of southern Molise coastal sectors, calculated for
the total period 1957-2019, for main periods 1957-1992, 1992-2012 and 2012-2019, and related sub-periods 1957-1985, 1985-
1992, 1992-2002 and 2002-2012.

Period
Location 1957-1992  1957-1985 1985-1992  1992-2012 1992-2002 2002-2012 2012-2019 1957-2019
Punta Pizzo m -18 -7 -11 -13 -11 -2 17 -14
m/yr -0.5 -0.3 -1.6 -0.7 -11 -0.2 24 -0.2
Marinelle (Biferno mouth) m -254 -243 -11 -53 -35 -18 -51 -358
m/yr -7.3 -8.7 -1.6 -2.7 -3.5 -1.8 -7.3 -5.8
Campomarino Lido m -56 -124 71 35 -14 49 -15 -36
m/yr -1.6 -4.4 10.1 1.8 -14 49 =21 -0.6
Campomarino Harbour (South) m 33 65 -32 -20 7 =27 -41 -28
m/yr 0.9 23 -4.6 -1.0 0.7 -2.7 -5.9 -0.5
Bonifica Ramitelli m -46 -42 -4 37 15 22 -35 —44
m/yr -13 -1.5 -0.6 1.9 1.5 2.2 -5.0 -0.7
Saccione mouth m 103 110 -7 27 6 21 3 133

m/yr 29 3.9 -1.0 14 0.6 2.1 0.4 2.1
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other sectors registered only slight shoreline retreats
(between —14m and —44 m), corresponding to
annual rates between —0.2m/yr and —0.7 m/yr
(Table 1 and Figure 3(A)). Instead, the southernmost
Saccione mouth sector was affected by consistent pro-
gradation, equal to a total of 133 m and an annual rate
of 2.1 m/yr.

Observing the shoreline changes over time (Table
1), shows that only the Biferno mouth sector was
affected in all periods by shoreline retreat, while
other sectors were characterised by alternating periods
of erosion and progradation. Important variations are
observable for example in correspondence of the Cam-
pomarino Harbour and Bonifica Ramitelli sectors

(Table 1), whose total amount of shoreline retreat of
respectively —28 m and —44 m (period 1957-2019)
was deeply influenced by the amount of positive and
negative shoreline changes during the first, nearly
thirty-year period 1957-1985 (65m and —42m,
Table 1). During the last years (period 2012-2019),
both sectors registered a strong erosion trend with
average retreating rates of respectively 5.9 and 5.0 m/
yr (Table 1 and Figure 3(D)).

Ongoing trends to shoreline retreat promoted the
progressive construction of defence structures that
led to achieve a maximum coverage of 64.2% by the
year 2029. In Map 2, the distribution in time and
space of coastal defence structures is illustrated,

Figure 4. Some views of the southern Molise coast: (A) emerged and adherent breakwaters placed between Termoli Harbour and
Biferno mouth; (B) groynes and adherent breakwaters present between Biferno mouth and Campomarino Lido; (C) partially
detached groynes located south of Campomarino Harbour; (D) progradational shoreline north to Saccione mouth.
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Table 2. Coverage (in %) of the southern Molise coast with defence structures by the years 1957, 1985, 1992, 2002, 2012 and 2019.

Defence structure 1957 1985 1992 2002 2012 2019
Adherent breakwater (AB) - - 2.1 47 5.1 -
Emerged breakwater (EB) - 6.7 16.7 - - 1.5
Submerged breakwater (SB) - 18.3 18.7 40.8 34.0 375
Groyne (G) - - - - 1.1 1.6
Mixed defence structure EB + SB - - 54 - - -
AB + SB - - - 2.0 2.0 9.7
G+SB - - - - 1.4 43
Harbour 7.0 7.0 7.0 9.6 9.6 9.6
Total (%) 7.0 320 49.9 571 63.2 64.2

showing first of all that the study coast was devoid of
them in 1957. The first defences, mainly constituted by
alternating emerged and submerged breakwaters, were
placed in the coastal sector extending from Termoli
harbour to Marinelle locality (Figure 4(A)) and cov-
ered 25.0% of the study area by the year 1985
(Table 2). In 1992, mainly due to the addition of
emerged breakwaters and mixed defences of emerged
and submerged breakwaters (EB + SB in Table 2) the
total coverage including the Termoli harbour reached
49.9% (Table 2). The breakwaters were further
modified and extended southwards, and the construc-
tion of the Campomarino harbour occurred, leading
to a total coverage of 57.1% in 2002. First groynes
were placed only after 2002 (Figure 4(B,C)). Further-
more, between 2012 and 2019, first breakwaters were
constructed in the northern part of Bonifica Ramitelli
sector. Nowadays, the only sector free from hard
defence structures is the southernmost one, extending
from the central area of Bonifica Ramitelli up to the
Saccione mouth (Figure 4(D)).

4.3. Near-future coastal hazard and risk aspects
of the southern Molise coast

The areas prone to flooding were identified for the
year 2050 using the sea-level projection SSP5-8.5 (an
average rise of 0.22 m — NASA, 2022), together with
the Digital Elevation Model of the investigated area.
Table 3 and Map 3 show the four hazard classes
(H4, H3, H2, H1) for the selected scenario, aiming
to identify the different levels of hazard characterising
the study area. The current sandy beaches and the low-
lands located behind the dune systems as well as near
the mouth of the Biferno River, represent the areas
that could be affected by permanent flooding in the
near future. Nevertheless, results obtained highlight
that the study coast will be only modestly affected by

Table 3. Coastal inundation hazard assessment.

Hazard classes Elevation range (m) km? %

H4 <0 0.36 14
H3 0-0.5 0.96 3.6
H2 0.5-1 3.65 134
H1 1-5 2143 81.6

The surface of each hazard class is indicated in square kilometres and per-
centage with respect to the total surface investigated by considering
sea-level rise scenarios for the years 2050 (SSP5-8.5).

coastal flooding, with the areas characterised by
hazard classes H3 and H4 (Table 3) covering only
about 5.0% (1.32km?). In detail, the areas affected
by frequent and permanent inundation are mostly
concentrated between P.ta Pizzo and Campomarino
Lido. Moreover, the remaining areas are unlikely to
be inundated by 2050, as they are referred to classes
HI1 and H2, but particular attention should be given
to the expanding areas of Campomarino Lido that
are very close to the mouth of the Biferno River.

Another factor taken into consideration was the
expected erosion, which was assessed for 2040 by pro-
jecting the shoreline employing the DSAS Kalman
filter methodology, as explained in paragraph 3, by
using all available shorelines shown in Maps 1 and
2. The model allowed for generating with the available
data a linear regression, resulting in a probable shore-
line for 2040. Unfortunately, the model used does not
allow for projections further into the future because
the error increases significantly, giving excessively
high values. Therefore, Map 3 shows the shoreline
projection up to 2040 which, although rigorous, rep-
resents a possible interpretation with uncertainties in
its extrapolation (estimated error of approximately
150 m). Anyway, the future shoreline shows that
about 6 km of the 15km long coastline, could be
characterised by erosion, with peaks of retreat of
about 250 m (Marinelle), while the remaining coast
could be dominated by progradation reaching up to
about 200 m (Campomarino Lido).

These methods, despite the limitations, allow for a
quick and effective assessment of areas that may
experience significant consequences due to future cli-
mate change and subsequent sea-level variations. This
is particularly evident when considering that some
areas near the mouth of the Biferno River already
experience temporary flooding during storms and
periods of high tides. Therefore, the data emphasises
that the areas near the mouth of the Biferno River
are the most vulnerable zones of the analysed coastal
system, as they will be significantly affected by both
inundation and erosion resulting from sea level rise.

5. Discussion and conclusions

The present study has been developed starting from
the basic thought that the comprehension of the
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history, the present dynamics and fragility, as well as
possible near-future threats that may loom over a
coastal zone represent an essential step for its sustain-
able management and development. This is valuable
both for designing adaptations to the effects of climate
change that local communities have to face in the near
future and for promoting, in an effective and sustain-
able manner, the socio-economic development of vul-
nerable coastal zones, i.e. sensitive to modifications
and coastal hazard events. The investigative approach
used in this work consists in the reconstruction of
conditions and modifications of a selected low coastal
area, the southern Molise coast, considering two time
intervals, i.e. Holocene-1950s and 1950s-Present, to
which a near-future scenario, consisting in predictions
about its possible future evolutive trends under the
control of climate change, is added. The resulting
map is composed of three panels. The first two panels
(Maps 1 and 2) allow a comparative view of the geo-
morphological and anthropogenic features and related
modifications that have characterised the southern
Molise coast in the two above mentioned time inter-
vals, while the third panel (Map 3) gives precious
information about its possible near-future evolution
in the period Present-2040/50 related to coastal ero-
sion and inundation hazard and risk. Examining indi-
vidually the single maps along with their comparison
allows for several observations, including the follow-
ing, among the most important ones: (i) the study
area has shown a high mobility of the shoreline
especially in the alluvial plain sector of the Biferno
River that has been affected by conspicuous shoreline
advance in approximately 300 years (1600-beginning
1900) and related Biferno River delta growth and, sub-
sequently, by very rapid delta erosion and overall
shoreline retreat, showing a very high mobility and
sensibility to erosion; (ii) the construction of hard
defence structures to protect the investigated coast
under erosion has not solved the problem and erosion
is still ongoing, especially in the Biferno mouth sector;
(iii) near-future developed scenarios regarding coastal
vulnerability highlight that, without specific interven-
tions, this coastal stretch will most probably undergo
significant erosion and local permanent inundation
in the near-future.

Software

The map has been produced using Esri Arcgis 10.7©
for the vector and raster datasets, and Corel Draw
2019© for the editing.
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