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Abstract: The dune systems are very important from an environmental, landscape, and coastal
defense point of view within coastal areas. Currently, dune systems are significantly reduced
compared to a few decades ago and, in Europe alone, dune systems have decreased by 70%. During
the same period, intense beach erosion processes have often been observed, and, currently, 30% of
the world’s coasts are eroding. These processes have various causes, both natural and anthropogenic,
and the knowledge of the causes of the erosive processes are very important for an effective planning
and management of coastal areas and to correctly plan any interventions on dunes and beaches. The
paper, through a case study, analyzes the beach and dune erosive processes, their causes, and the
possible interventions. The case study concerns the archaeological site of Kaulon, located on a dune
in the Ionian coast of Calabria (Italy). The beach near the site was affected by erosive processes and
during the winter of 20132014, the site was damaged by two sea storms. To identify the causes of
these processes, three erosive factors were analyzed. These factors are anthropogenic pressure, wave
climate and sea storms, and river transport. The effects produced by these factors were assessed in
terms of shoreline changes and of damage to the beach-dune system, also evaluating the effectiveness
of the defense interventions. The main causes of the erosive processes were identified through the
cross analysis of erosive factors and their effects. This analysis highlighted that in the second half of
the last century the erosive processes are mainly correlated to anthropogenic pressure while, recently,
natural factors prevail, especially sea storms. Regarding the interventions, the effects produced by
two interventions carried out during the winter of 20132014, one built in urgency between the first
and second sea storm and the other built a few years after the second sea storm were analyzed. This
analysis highlighted that the latter intervention was more effective in defending the site.

Keywords: dune; erosion; wave climate; sea storms; longshore transport; river transport

1. Introduction

Coastal dunes are a habitat of important environmental and landscape value. Addi-
tionally, dunes are a natural costal defense because they act both as a reserve of sand and
as a physical barrier to protect the territories behind [1-4]. This issue is particularly topical
and important because of the significant anthropization processes that occurred from the
second half of the last century. Indeed, these processes have totally or partially destroyed
numerous dune systems, have altered the coastal equilibrium conditions, and have trig-
gered beach and dune erosion. Currently, 30% of the world’s coasts are eroding [5-7] and,
in Europe alone, dune systems have decreased by 70% [8].

Dunes are dynamic systems that vary spatially and temporally under the action of
both natural and anthropogenic factors [9-12].

From the temporal point of view, there are long-term and short-term variations. Long-
term variations are correlated to alterations in coastal, wind, and river sedimentary bal-
ance [13-16]. Often these alterations are caused by anthropogenic factors such as the
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construction of buildings, infrastructures, ports and coastal defense works in coastal ar-
eas [17], and the construction of hydraulic structures interfere with fluvial dynamics such
as levees, dams, and inert drains from riverbeds [18,19]. On the other hand, the short-term
variations are mainly related to natural factors such as single sea storm [20], cluster of sea
storms [21,22], extreme flood events [23], or concurrent events [24-26] which cause coastal
flooding [27]. Instead, a full dune recovery generally can take several decades [28].

From the spatial point of view, the erosive processes of the beach-dune system can
vary greatly along the coast for various reasons, the main ones being linked to the geomor-
phological characteristics of the area and to the variability of the wave climate and of the
longshore transport [29,30].

The issue of morphological changes of coastal dunes and of the beach—dune system
and the analysis of the related causes is widely analyzed in the scientific literature by ana-
lyzing real cases [31,32], with laboratory experiments [33-37] and applying analytical and
numerical models [38-40]. Indeed, these variations can be analyzed both in probabilistic
terms [41,42] to identify critical thresholds of sea storms that cause dune erosion [43] and
in terms of the beach response to the action of the most intense sea storms [44]. From this
point of view, monitoring the dune-beach system at different time scales is of particular
importance, also using remote sensing [45-49].

The analysis of the causes of erosive phenomena is of fundamental importance to
quantify and predict the vulnerability of beach—dune systems on different timescales and
to correctly plan any interventions on dunes and beaches [50-60].

Often, the analysis of these causes focuses on extreme events [61] or on clusters of
extreme events [62] or on single factors such as coastal erosion. Instead, a complete analysis
is one that considers the largest possible number of the main natural and anthropogenic
factors that influence the dune systems. Examples of these analyses are by Pye and
Neal [31], who analyzed both the effects of sea storms and the effects caused by the
construction of a wall and by a dredge spoil dumping. Subsequently, Cohn et al. [63]
analyzed morphological and environmental parameters, such as beach slope and total
water level (TWL), by numerical modeling with XBeach. Dissanayake et al. [64] have
developed a two-step framework that classifies sea storms and analyzes their impacts
on beach-dune systems. Hird et al. [65] analyzed both hydrodynamic forcing and river
channel evolution over a 10-year time interval. Finally, Sanromualdo-Collado et al. [66]
analyzed the impacts caused by the construction of beach equipment, services, and uses on
beach—dune systems. The paper, through a case study, analyzes the beach and dune erosive
processes, their causes, and the possible interventions. The paper does not analyze a single
erosive factor, but it is a complete analysis, which considers the effects of anthropogenic
pressure, wave climate and sea storms, and river dynamics. Furthermore, the paper
analyzes the effects produced on the dune-beach system by a temporary intervention,
carried out urgently due to the damage caused by the storms of winter 2013-14, and by a
subsequent intervention. The case study concerns the archaeological site of Kaulon, located
on the dune system in the Ionian coast of Calabria (Italy). Kaulon’s erosive phenomena
have already been analyzed by Barbaro et al. [67,68] but it was an incomplete analysis due
to the limited data available. This paper, on the other hand, uses recent and current data and
expands the time interval of analysis to better understand the causes of erosive phenomena.

2. Materials and Methods

This section is divided into two parts. The first part describes the geographical,
geomorphological, sedimentological, and hydrological characteristics of the study area.
The second part describes the methodology used to analyze beach and dune erosion
processes and their possible causes.

2.1. Site Description

The site is located on the Ionian coast of Calabria (Southern Italy), near the town of
Monasterace Marina and between the mouth of the rivers Assi and Stilaro (Figure 1). The
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Tyrrhenian Sea

coastline has an inclination of 15° from the North. The site is affected by the prevalent
winds that blow from the South and South-Easterly and from the North and North-Easterly
directions. The most severe sea storms mainly come from the South and South-Easterly
direction, where the fetch is up to 700 km, and they are prevalent in the winter season. The
archaeological site extends along the coast for 1 km and consists of an ancient town, a Doric
Temple, and a Pillbox (Figure 1) which are inside a sand dune along the coast located at an
altitude of about 8 m.
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Figure 1. Location of the study area.

The study area is characterized by recent tectonic uplift accompanied by compressive
phenomena eastward and distensive and sinking phenomena to the west. The intense and
recent tectonic activity has provided a morphology subject to intense erosion and gravita-
tional processes as occurs in many rocks outcropping in other zones of Calabria [69]. The
geological formations of the area are sedimentary rocks of Holocene-Recent age overlapped
to the oldest sedimentary rocks (Mio-Pliocene-Pleistocene) and to crystalline-metamorphic
units of Paleozoic age. Overall, the litho-stratigraphic sequence, starting from the most
ancient rocks, can be summarized as follows: clays and polychrome silts (Miocene Inf.-
Med.), clays and whitish marl (Lower-Middle Pliocene), conglomerates and sands (Pliocene
Sup.-Calabriano), sandstones and clay silts (Middle-Superior Pliocene), conglomerates and
mica sands (Sup. Pliocene-Calabriano “Ghiaie di Messina”), conglomerates and sands
(Pleistocene), debris fan (Holocene), solifluction products (Holocene), stabilized alluvial
deposits (Holocene); coastline and mobile alluvial deposits (Holocene), stabilized sand
dunes, mobile sand dunes.

From the geomorphological point of view, the area is characterized by a narrow coastal
plain and by hills that connect to the reliefs of the Serre. The coast is characterized by a low
beach, a well-developed dune system and a sea bottom with moderate slope (2-3%). From
the sedimentological and grain size distribution point of view, the beach sediments are
composed of sand and light grey gravels, with D5y equal to 5 mm next to the isobaths of
+1.0 m, D5y = 0.7 mm next to the isobaths —3.0 m, and Ds( equal to 0.82 mm at the isobaths
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—7.0 m [70]. From the hydrological point of view, the hydrography is characterized by
a series of rivers (called fiumare and typical of Calabria) with dendritic and fin patterns,
with high drainage density, perpendicular to the coastline with a typical braided course.
Generally, most of the Calabrian rivers are characterized by high slopes, modest time of
concentration and torrential regime so floods occur suddenly [71,72]. For these reasons,
river sediment transport is mainly related to Soil Erosion by Water (WSE) [73]. The study
area and, in general, most of the Calabrian rivers are particularly prone to WSE [74] which
also influence shoreline evolution [75,76].

2.2. Methodology

The methodology proposed in this paper aims to evaluate the causes of the erosive
processes observed near the archaeological site of Kaulon. To identify these causes, erosive
factors and their effects on the study area were examined, according to the flow chart of
Figure 2. In detail, three main erosive factors on the beach—dune system were analyzed.
These factors are anthropogenic pressure, wave climate and sea storms, and river transport.
The effects were assessed in terms of shoreline changes and of damage to the beach—
dune system.
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post the second world war

Input: wave data of the last 40 years

Output: frequency, mean energy flux, run-up, tide excursion,

storm surge, longshore transport, statistical analysis of the
sea storms of winter 2013-14

{ Wave climate and
sea storms

e N
P // \‘\‘\ N

|

River transport

Input: DEM with a squadre mesh of 5 m, rainfall and
temperature data, Corine Land Cover fourth level
Output: morphometric characterization of river basins,
average yearly precipitation and temperature, coefficients of
poil protection, erodibility and erosion, annual average volume

*{ Causes of erosive
processes

v‘/. -
/ Shoreline changes

of detached soil due to surface erosion

Input: shapefiles of shorelines of 1954, 1998, 2000 and /
2008, orthophotos of 1989, 1996, 2006 and 2012, Google |
satellite images of 2014, 2016, 2017 and 2019
Output: EPR, NSM and eroded or advancing beach area

Input: surveys carried out during and after the two sea

Pl storms of the winter of 2013-14 that damage the /
/ Damage to the beach- archaeological site
\ dune system Output analysis of the damage caused by the two sea
btorms of the winter of 2013-14 and of the effectiveness of the

defense interventions

Figure 2. Flow chart of the proposed methodology.

2.2.1. Anthropogenic Pressure

The analysis of the anthropogenic pressure was carried out on QGIS through the
overlap and the comparison of various cartography data, which consists of CASMEZ, “Cassa
del Mezzogiorno”, cartography of 1954, available in the Open Data section of the Calabrian
Geoportal (http:/ /geoportale.regione.calabria.it/opendata, accessed on 1 December 2021);
orthophotos of 1989 and 1996 available as a WMS service in the Open Data section of the
Italian Geoportal (http://www.pcn.minambiente.it/mattm/servizio-wms/, accessed on
1 December 2021), and the most recent Google satellite image of 2019. The main aim of this
analysis concerns the comparison between the current extension of the inhabited center of
Monasterace Marina and his extension post the second world war, before the considerable
anthropic pressures observed in most of the Calabrian and Italian territories. Furthermore,


http://geoportale.regione.calabria.it/opendata
http://www.pcn.minambiente.it/mattm/servizio-wms/

J. Mar. Sci. Eng. 2022, 10, 14

50f 20

by comparing the current extension with that of the 1990s, it was possible to better date the
anthropization process.

2.2.2. Wave Climate and Sea Storms

This phase concerns the evaluation of the wave climate and the statistical analysis
of the sea storms of winter 2013-2014, which damaged the dune and the archaeological
site. Regarding wave climate, the following was calculated: frequency of occurrence of sea
state (hereinafter referred to as frequency), mean energy flux, run-up, tide excursion, storm
surge, and longshore transport. Frequency and mean energy flux identify the directions
of frequent and intense sea storms, respectively. Furthermore, the comparison between
the estimated run-up, tide excursion and baric and storm surge values, and the altimetry
of the study area was used to evaluate whether these parameters can directly affect the
archaeological site. Regarding longshore transport, the estimated value was compared with
the river contribution to understand whether the two forcing are on average equivalent or
not. Finally, the analysis of the wave climate is the basis for the statistical analysis of the
sea storms of winter 2013-2014.

The input data are the wave data from the last 40 years, available in the database
developed by the MeteOcean group of the University of Genoa (http://www?3.dicca.unige.
it/meteocean/hindcast.html, accessed on 15 September 2021). This data was reconstructed
from the Climate Forecast System Reanalysis (CFSR) database.

The time series is relative to point 7624, with coordinates 16.638 E and 38.46 N and
located at a depth of over 110 m. The time series consists of 332,884 sea states, for each of
which significant wave height, mean and peak periods, and wave direction are available.
These data were grouped in sectors of 10° each and the time series was analyzed both
entirely and divided into intervals of 10 years each.

Starting from time series data, the frequency and the mean energy flux & were cal-
culated. The frequency of the generic sector is the ratio between the number of sea states
from that sector and the total number of registered sea states. The mean energy flux of the
generic sector is the sum of the energy flux of each sea state from that sector, that depends
on the specific gravity of the water, on the peak period, on the square of the significant
height and on the frequency. Run-up was estimated by the Stockdon et al. model [77]. This
model is based on the following equations and depends on the foreshore beach slope f,
on the significant wave height at deep water Hy, on the wavelength at deep water Ly, and
on the Iribarren number &.

1
Ruzes = 1.1 {0.35 B¢ (Hp Lo)/? + 5 [Ho Lo (0.563 B¢ +0.004]V% for £ < 0.3, (1)

Ruoo, = 0.043 (Hy Lo)Y/2 for £ > 0.3, )

The slope was estimated by analyzing the open access bathymetry available on the
EMODNET portal (https://www.emodnet-bathymetry.eu/, accessed on 1 December 2021)
while significant wave height and wavelength at deep water were calculated starting from
the time series for different return times (1, 10, 20, 50, 100, 200, and 500 years). To estimate
the tide excursions, the recordings of the tide gauges of Crotone and Reggio Calabria
were analyzed, also the Tide Tables of the Italian Marine Hydrographic Institute [78] and
scientific papers were consulted, especially that of Sannino et al. [79]. The storm surge
was estimated using the Bretschneider model [80]. This model is based on the following
equation and depends on the depth at the shelf edge d;, on the depth near the coast dy, on
the wind drag coefficient K, and on the length of the wind fetch L. To this value the surge
caused by the minimum atmospheric pressure recorded during an atmospheric disturbance
was added, considering that a barometric decrease of 1 mbar compared to the normal value
of 1013 mbar causes a surge of 1 cm.

S/d; = ((KU?*L)/(g d1? (1—d1/da)) In (d1/da) )
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Longshore sediment transport has been evaluated by the Tomasicchio et al. model [81].
This model is of general validity, it is based on a mobility index depending on the granu-
lometry of the beach sediments and was obtained starting from the model of Lamberti and
Tomasicchio [82]. The main input data of the Tomasicchio et al. model are significant wave
height Hs, peak wave period Tp, off-shore wave angle 6y, and nominal diameter of the
unit Dy59. Using these data, characteristic wave height Hy, mean wave period Tr,, wave
length L, wave celerity ¢, wave group celerity cg, characteristic wave height at breaking
Hy p, characteristic wave angle at breaking 0y },, modified stability number N **, length
of displacement 13, number of displaced particles at the end of 1000 wave attack Nyg,
longshore transport measured as number of units per wave Sy and, finally, longshore
transport rate in volume per unit time Q1 were calculated, as shown by the flow chart of
Figure 3. Therefore, the granulometry described in Section 2.1 and the wave time series
were used as input data.

The statistical analysis of the sea storms of winter 2013-2014 consists of the evaluation
of the maximum significant wave height, of the wave direction at the peak of significant
wave height, and of the duration of each storm. From these data, the return periods of each
sea storm were calculated.

w
1)

S E R ‘

INFUT DATA:
WAVE CHARACTERISTICS

| Hip }—.-| sin By = f (Hin, 6, ©)

EMFIRICAL EQUATIONS

OUTPUTS

Figure 3. Flowchart of the Tomasicchio et al. model [81].

2.2.3. River Transport

The aim of this phase concerns the analysis of river transport in terms of average
volume of detached soil due to surface erosion. This parameter was compared with the
longshore transport rate to understand whether the two forcing are on average equivalent
or not. River transport was estimated using the Gavrilovic model [83], which is particularly
reliable in basins where sediment transport is mainly related to WSEs as in this case study.
The Gavrilovic model is based on an analytical equation to determine the annual volume
of detached soil due to surface erosion. This equation depends on the morphometric
characteristics of the river basin, such as the area, the perimeter, the average slope, the
average height, the main stream length, the total stream length, on the average yearly
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precipitation and temperature, and on some coefficients related to the soil protection (a
function of the type of vegetation cover), to the erodibility (a function of type of rock), and
to the type of basin erosion.

Preliminarily, it was necessary to identify and morphometrically characterize the
basins at the edges of the study area, Assi and Stilaro river, using QGIS. In addition, for
each basin land uses were analyzed to estimate the coefficients of soil protection, erodibility
and erosion, and rainfall and temperature time series were analyzed to estimate the average
yearly precipitation and temperature.

In detail, the identification of the river basins and their morphometric characterization
was carried out by starting with the DEM with square mesh of 5 m available in the Open-
Data section of the Calabrian Geoportal (http://geoportale.regione.calabria.it/, accessed
on 15 September 2021). For each basin, the area, the perimeter, the main stream length, the
total stream length, the maximum and the average heights, the average slope, the Horton
order, the Gravelius index, and the time of concentration were calculated. The estimation
of the last parameter was undertaken using the formulas of Giandotti [84], Kirpich [85],
and NRCS [86].

The average yearly precipitation and temperature values of each basin were estimated
from the time series of rainfall and temperature records available in the Historical Data
section of the Calabrian Multi-Risk Functional Center (http://www.cfd.calabria.it/, ac-
cessed on 15 September 2021). Preliminarily, the rainfall and temperature gauges were
identified with statistically significant time series in the Assi and Stilaro River basin and in
its neighboring areas. For each gauge, the registration period, the number of years available,
the elevation, the weight, estimated on QGIS using the Thiessen polygon method [87,88],
and the average yearly precipitation and temperature were analyzed. The average yearly
precipitation and temperature values of each basin were calculated as a weighted average
of the values recorded by each gauge.

The land cover data used was from the Corine Land Cover project fourth level relating
to the year 2018 and freely available on the government agency website “Istituto Superiore
per la Protezione e la Ricerca Ambientale (ISPRA)” (https://www.isprambiente.gov.it/it/
attivita/suolo-e-territorio/copertura-del-suolo/corine-land-cover, accessed on 15 Septem-
ber 2021). A value of each of the coefficients of soil protection, erodibility, and erosion was
associated with each category of land use of the Corine Land Cover. The average values
of these coefficients of each basin were calculated as a weighted average of the coefficient
values of each land use category, considering the area of each land use category as weight.

2.2.4. Shoreline Changes

The analysis of the shoreline changes was carried out through the comparison of
various cartography data, which consists of shapefiles of the historical shorelines of 1954,
1998, 2000, and 2008 taken from the Open Data section of the Calabrian Geoportal (http:
/ / geoportale.regione.calabria.it/opendata, accessed on 1 December 2021); orthophotos
of 1989, 1996, 2006, and 2012 taken from the Open Data section of the Italian Geoportal
(http:/ /www.pcn.minambiente.it/mattm/servizio-wms/, accessed on 1 December 2021);
and satellite imagery of 2014, 2016, 2017, and 2019 provided by Google Earth.

The analysis was divided into three phases as follows. The first phase concerned the
manual digitization of each missing shoreline, using QGIS for orthophotos of 1989, 1996,
2006, and 2012, thus obtaining shapefiles, and using the spatial analysis tools of Google
Earth Pro for satellite imagery of 2014, 2016, 2017, and 2019, thus obtaining kml files then
saved on QGIS as shapefiles. Both the orthophotos and the satellite images relate to the
summer months, between May and September, so all the traced shorelines are relative to
the summer profile. The second phase concerned the evaluation of the beach width for each
transept. Finally, the last phase concerned the determination of shoreline rates of change
using End Point Rate (EPR) and Net Shoreline Movement (NSM) statistics and the estimate
of the eroded or advancing beach area.
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Regarding the first phase, the digitalization of the missing shorelines was carried out
on a scale of 1:1000 on QGIS and at an eye altitude of 200 m, corresponding to a higher
scale, on Google Earth Pro. Generally, the uncertainties in the digitization phase concern
georeferencing, the orthorectification process, the resolution of the different imagery sets,
the digitizing uncertainty, the uncertainty in the identification of the wet/dry line, and
any error caused by a variation in some factors affecting the shoreline change such as
the seasonal cycle of erosion and deposition, and the impact of storms [89,90]. In this
case, the reference line chosen was the wet/dry line. Additionally, the cartography data
is all related to the summer period and no storm conditions were observed in any of the
data, so the effects of seasonal variation and individual storms on shoreline change are of
limited importance. Therefore, the uncertainties in the shoreline position are less than one
meter and the shoreline changes were approximated to the meter. This accuracy agrees
with the aims of the paper, which concern the evaluation of the erosion and advancement
trends, and not their precise quantification. To estimate the tide excursions, the recordings
of the tide gauges of Crotone and Reggio Calabria were analyzed, and scientific papers
were consulted, especially that of Sannino et al. [79]. Therefore, in the study area the tidal
excursion is of the order of tens of centimeters so the effects on the variation of the shoreline
position are negligible.

Regarding the second phase, to analyze the shoreline changes of the entire physio-
graphic sub-unit between the mouths of the Stilaro and Assi rivers, 15 transepts were
traced, with an average spacing of the order of 200 m. Additionally, the related baselines
were identified for each transect. These lines identify the upper limit of the beach and
correspond to promenades, roads, and structures. Regarding the third phase, the NSM and
EPR and the eroded or advancing beach area between any two successive shorelines were
calculated.

2.2.5. Dune System Damage

The archaeological site was damaged by two sea storms, both of which occurred in
the winter of 2013-2014. The damage analysis was based on some surveys carried out
during and after the sea storms. The aim of this phase concerns the assessment of the
damage caused by the two sea storms to the archaeological site and the assessment of the
effectiveness of two defense interventions carried out, one between the first and the second
sea storm and the other a few years after the second sea storm.

3. Results

This section is divided into five subsections: anthropogenic pressure, wave climate
and sea storms, river transport, shoreline changes, and dune system damage, similar to
what is described in the methodology section.

3.1. Anthropogenic Pressure

To evaluate and date the anthropogenic pressure in the study area, cartography,
orthophotos, and satellite images of different time periods were compared (Figure 4). The
older source, from 1954 (CASMEZ cartography), and the most recent source, from 2019
(Google satellite image), were initially compared. The inhabited center of Monasterace
Marina is located south of the archaeological site and was almost entirely built in the second
half of the last century. Indeed, in 1954 there was only a strip of buildings around the main
road. This strip was about 500 m long, was over 100 m from the shoreline behind the beach
and there was no waterfront. Instead, the current extension of the built-up part is about
1500 m long, and buildings and promenade have been built instead of a large portion of
the beach which has a current width of a few tens of meters.

Then, the 1989 and 1996 orthophotos were compared with each other and with the
most recent satellite image. This comparison shows that most of the anthropization process
took place between 1954 and 1989. Indeed, in 1989 there are the promenade and numerous
buildings, both built where in 1954 there was a beach. Furthermore, the extension of the
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inhabited center in 1996 is almost the same as the current one, while between 1989 and
1996 only some buildings were built in the southern part of the inhabited center. Therefore,
since 1996 the anthropization process has almost stopped. Finally, throughout the time
interval analyzed, the anthropization process did not affect the archaeological site.

Monasterace

Figure 4. Large panel: overlap between CASMEZ cartography of 1954 and Google satellite image of
2019. Small panels: CASMEZ cartography of 1954 (up), orthophotos of 1996 (center), Google satellite
image of 2019 (down).

3.2. Wave Climate and Sea Storms

The analysis of the wave climate of the last 40 years shows that the study area has
been affected by frequent sea states from the northeast and south, with a maximum value
of about 8% in the sectors centered on 180 and 190° N. Furthermore, the mean energy flux
graph has two peaks, one of about 450 N/s in the sector centered on 50° N, also with a
relevant value in the adjacent sector centered on 40° N, and with the main peak in the
sector centered on 130° N, with value higher than 650 N/s and with relevant values in all
sectors between 120° and 160° N. The sea states coming from sectors between 120 and 180°
are generated by the Scirocco winds, acting on fetches with lengths of several hundreds of
km. Instead, the sea states coming from the sectors around 50° are generated by the winds
of Grecale, acting on fetches with lengths of a few hundred km. Therefore, the study area is
subject to sea storms both significantly inclined and almost orthogonal with respect to the
coast. The wave climate was also analyzed in shorter time intervals, of 10 years each, and
the main results are summarized in Table 1. In detail, in each time interval the maximum
values of significant wave height Hg max, the mean energy flux and the main sector were
evaluated. The analysis highlighted that the higher values of Hs max, almost 6.7 m, were
recorded in the decade of the 1980s, while in the following decades there are decreasing
values, up to 5.9 m in the last decade. Instead, the mean energy flux initially grows between
the 1980s and the 1990s and then decreases in the following decades. Instead, the main
sector is always the one centered on 130°.
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Regarding the run-up values, slight variations are observed as the return period varies.
Indeed, the values obtained are between 1 m, with a return period of 1 year, and 2 m, with a
return period of 500 years. These slight variations depend mainly on the modest foreshore
beach slope value, about 3%. The tide excursion and the storm surge were added to this
value. The maximum value of the tide excursion recorded by the tide gauges of Crotone and
Reggio Calabria and by the Tide Tables of the Italian Marine Hydrographic Institute [78] is
just over 20 cm, according to the studies by Sannino et al. [79]. The storm surge calculated
with the Bretschneider model [80] is just under 10 cm. To this value the surge caused
by the minimum atmospheric pressure recorded during an atmospheric disturbance was
added, which in the Mediterranean assumes values no lower than 970 mbar. Therefore,
the total storm surge value is of the order of 50 cm. By adding the values of run-up, tide
excursion, and storm surge, a value of less than 3 m is obtained. Due to the morphology
of the territory, the archaeological site was not directly affected by these parameters as it
is located at an altitude of about 8 m while the total value of run-up, tide excursion, and
storm surge does not exceed 3 m. Indeed, a barometric decrease of 1 mbar compared to the
normal value of 1013 mbar causes a baric surge of 1 cm.

Additionally, the longshore transport evaluated by the Tomasicchio et al. model [81] is
about 90,000 m?/year and is on average directed by South from North direction. However,
the study area is subject to sea storms coming from both South-East and North-East direc-
tions so there can be a significant longshore transport also from North to South direction.

The statistical analysis of the sea storms that occurred in the winter of 2013-2014
(Table 2), which damaged the dune and the archaeological site, highlighted that these are
statistically frequent sea storms. Indeed, the one that occurred between November and
December 2013 reached a maximum significant wave height of 5.21 m, lasted 74 h, the
direction at the peak of significant wave height was 131° N and had a return period of
4 years. Instead, the storm that occurred between January and February 2014 reached
a maximum significant wave height of 5.61 m, lasted 140 h, the direction at the peak of
significant wave height was 114° N and had a return period of 7.5 years. The maximum
significant wave height reached in this last storm is lower than the maximum significant
wave height value observed in the last decade, which is 5.9 m (Table 1). This value was
observed at the beginning of that decade and the sea storms after that of February 2014
reached maximum significant wave heights always lower than 5.5 m. Furthermore, in all
previous decades the observed maximum significant wave height values are higher than
5.9 m. These considerations explain the low return period values obtained for each of the
two sea storms analyzed.

Table 1. Wave climate characteristics in the various time intervals.

Time Interval Hg Max (m) ® (N/s) Main Sector
Entire 6.67 6167
1980s 6.67 1598
1990s 6.26 1679 130
2000s 5.91 1482
2010s 5.9 1407

Table 2. Characteristics of the sea storms that damaged the dune and the archaeological site.

Sea Storm End Hs Max (m) Duration Peak Direction Return Period
(Hour) (Year)
29 November 2 December
2013 5:00 PM 7:00 PM 5.21 74 131 4
29 January 4 February
2014 11:00 PM 7:00 PM 5.61 140 114 7.5
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3.3. River Transport

The analysis of river transport, in terms of average volume of detached soil due to
surface erosion, was preceded by the perimeter and morphometric characterization of the
Assi and Stilaro river basins. This phase has highlighted that the basins are bordering, and
both have an elongated shape. Stilaro river, compared to the Assi river, has a greater area,
about 100 km? instead of over 65 km?, due to its greater width since the perimeters are
almost the same, about 60 km. The largest area is also correlated with a greater length of
the tributaries, over 160 km instead of about 100 km, while the main stream lengths are
almost the same, about 30 km. The average slope and the Horton order are also the same,
35% and 6, respectively, while the average height and the Gravelius index are greater in the
Assi river, about 700 m instead of about 600 m and 2 instead of 1.73, respectively. Finally,
the time of concentration is greater in the Stilaro river, 4.3 h instead of 3.5 h.

Regarding the rainfall time series, there are 11 rainfall and temperature gauges in
the Assi and Stilaro River basin and in its neighboring areas, six of which are currently
active. Among them, the Stilo-Ferdinandea thermo-pluviometric gauge has greater weight
in both basins. Furthermore, for the Stilaro basin, also the Stignano gauge has significant
weights while for the Assi basin the Santa Caterina dello Ionio gauge, for the rainfall, and
the Monasterace-Punta Stilo gauge, for the temperature, have significant weights. The
average weighted values of rainfall and temperature are, respectively, about 1260 mm and
14.4 °C in the Stilaro basin and about 1300 mm and 13.4 °C in the Assi basin.

Regarding land uses, there are 21 different uses. In both basins, the wooded and shrub
areas are about 60%, with a prevalence of holm oaks and beeches, while the agricultural
areas are about 30%, with a prevalence of olive groves. The weighted coefficients of soil
protection, erodibility, and erosion are, respectively, 0.38, 1.05, and 0.34 in the Stilaro River
basin and 0.36, 1.04, and 0.31 in the Assi River basin.

Finally, the average annual volume of eroded sediments is equal to over 60,000 m® / year
for the Stilaro basin and over 40,000 m3/year for the Assi basin. Comparing these values to
the areas of the two basins, it is observed that the specific erosion is almost the same for
both basins, about 650 m®/year*km?. This result is congruent with the evident hydrological,
climatic, and land use similarities between the two basins.

3.4. Shoreline Changes

The analysis of the shoreline changes in the entire physiographic sub-unit between
the Stilaro and Assi river mouths, shown in Table 3 and in Figure 5, highlighted that
most of the erosive processes took place in the period between 1954 and 1989. Indeed, in
13 transepts out of 15 the maximum beach width dates back to 1954 and transepts 11 and
12 are exceptions whose maximum beach width dates back to 1989.

In 1954, the beach widths have a maximum value of over 130 m, a minimum value of
over 40 m, and an average value of about 85 m. In 1989, on the other hand, the beach widths
ranged from 30 to 70 m, with an average value of about 50 m. In this time interval, erosion
between 10 and 95 m are observed, with an average value of 35 m and with relatively low
speeds due to the considerable temporal extension of the interval. Both in 1954 and 1989
the maximum erosions are observed in the external transepts, located near the Stilaro and
Assi river mouths. In terms of beach area, over 100,000 m? were lost in this time interval.

Another significant erosive phase is observed between 1989 and 1996, with erosion in
all transepts with values of the order of tens of meters up to a maximum of 45 m and with
an average value of 17 m. In 1996, the beach width was between 20 and 55 m approximately,
with an average value of 32 m which is also the lowest value observed in the various years
examined. In terms of beach area, about 60,000 m? were lost in this time interval.

Regarding the subsequent time intervals, in the interval 1996-1998 the evolutionary
trend is advancement, with a maximum value of about 15 m and an average value of 5 m.
Only the transepts near the mouth of the Stilaro river show slight erosion. In terms of
beach area, there has been an increase of 20,000 m? in this time interval. In the 1998-2000
interval, on the other hand, all the transepts are in slight advancement, with a maximum
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value of less than 10 m and an average value of 4 m. In terms of beach area, there has been
an increase of about 20,000 m? in this time interval.

In these first four time intervals, the evolutionary trends are substantially homoge-
neous in the whole study area. Instead, in the new century, in each time interval analyzed,
a very variable trend is observed along the various transepts.

Between 2000 and 2006 and between 2006 and 2008, erosive processes prevail. In the
first time interval, the average value of the beach width increased by 2 m compared to the
previous interval, but, in terms of beach area, about 5000 m? were lost in this time interval.
In the second time interval, the average value of beach width decreased by 8 m and, in
terms of beach area, about 20,000 m? were lost in this time interval.

Between 2008 and 2012 equilibrium conditions prevails. Indeed, eight transepts are
advancing, and seven transepts are in erosion and the eroded areas are of the same order of
magnitude as the increased ones.

Table 3. Beach area variations of each time interval. Legend: red = erosion; green = accretion;
negative = erosion; positive = accretion.

Time interval 54-89

89-96 96-98 98-00 00-06 06-08 08-12 12-14 14-16 16-17 17-19

Area (m® x 103)  —102

—60 20 18 -5 —18 0 2 -2 10 6

Assi river

Shorelines near archaeological site

T

Monasterace

250 500 m
§ Stilaro river —

Figure 5. Large panel: analyzed transepts. Small panels: shorelines near the archaeological site (up)
and graph of the shoreline changes in the transept at the archaeological site, yellow line, and of the
average changes in all analyzed transepts, purple line (down).

Between 2012 and 2014 and between 2014 and 2016, the global evolutionary trend
would seem to be in equilibrium, as the variation of the beach width is equal to 0 in
both intervals. Additionally, in terms of beach area, there has been an increase of only
1000 m? in the first time interval and an erosion of only 1000 m? in the second time interval.
However, by analyzing the individual transepts, it is observed that between 2012 and 2014
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seven transepts are in erosion, with a maximum value exceeding 10 m, seven transepts are
advancing, with a maximum value of about 30 m, and only one transept is stable. Between
2014 and 2016 seven transepts are in erosion, with a maximum value of about 20 m, seven
transepts are advancing, with a maximum value exceeding 15 m, and only one transept
is stable. Therefore, in these time intervals the solid material has spatially redistributed
between the various transepts and the transepts where the greatest variations are observed
in the external ones, located at the Stilaro and Assi rivers mouths.

Between 2016 and 2017, on the other hand, advancement processes prevail, with an
average value of 7 m and, in terms of beach area, there has been an increase of 10,000 m?2 in
this time interval.

Instead, between 2017 and 2019 erosive processes prevail again with an average
erosion of 7 m and, in terms of beach area, there has been an erosion of over 5000 m?.
Additionally, it should be noted that the most recent average beach width is the same as in
2000 and less than half than that of 1954.

Finally, by analyzing the evolutionary trends of transept 9, located in front of the
archaeological site, erosion is observed up to 1996, with a value equal to 15 m, then
advancement is observed up to 2000 of a value equal to 10 m. Subsequently, an erosive
process begins, the maximum of which occurs in 2014, with a value of 40 m and with an
erosion than 30 m. From 2014 to 2019, the beach advances and the most recent width is just
over 70 m, the same value as in 1954.

3.5. Dune System Damage

The archaeological site was damaged by two sea storms, both of which occurred in the
winter of 2013-2014. The first storm that occurred in early December 2013, eroded much of
the beach below the archaeological site and caused the partial collapse of the dune, with
the sliding of some archaeological finds into the beach below (Figure 6a). After this sea
storm, in early February 2014 another sea storm caused further damage to the dune and to
the archaeological site (Figure 6b). These damages are like those observed after the first
storm but did not cause significant retreat of the dune system. Following the sea storm of
December 2013, the Provincial Administration of Reggio Calabria financed in urgency the
construction of a barrier. The barrier has a trapezoidal shape, is 3 m in height, 6 m in width,
and 30 m long, and was built on the beach a few meters from the sea, at about 8 m from the
dune. The height between the ground level and the top of the barrier is 1.5 m (Figure 7a).
This barrier, however, represents a temporary intervention, with limited effectiveness as
it is much shorter than the entire dune to be protected and as the sea storms crossed it
(Figure 7b) as occurred during the storm of February 2014. To solve these problems, an
intervention extended to the entire archaeological site was carried out between 2017 and
2019 (Figure 8b). In detail, a barrier was built at the foot of the dune that protects the dune
from the direct action of sea storms and reduces the erosion on the foot. Up to now, this
intervention has effectively protected the beach-dune system.

(b)

Figure 6. Doric Temple. (a) After the December 2013 storm. (b) After the February 2014 storm.
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(a) (b)

Figure 7. (a) Barrier made in January 2014. (b) Storm of February 2014 (blue arrows) that crosses the
barrier (red arrows).

(b)

Figure 8. (a) Google satellite image of 2014 (scale 1:1000, North oriented). (b) Google satellite image
of 2019 (scale 1:1000, North oriented).

4. Discussion

To evaluate the effects produced by the three examined erosive factors, which are
anthropogenic pressure, wave climate, and sea storms and river transport, the shoreline
changes and the damage to the dune system were analyzed, also evaluating the effectiveness
of the defense interventions. The main causes of the erosive processes were identified
through the cross analysis of erosive factors and their effects.

The analysis of the shoreline changes has shown that most of the erosive processes
in the study area are concentrated between 1954 and 1996. In this period, the inhabited
center of Monasterace has considerably expanded and buildings and a promenade have
been built instead of large beach areas. Similar situations have also been observed in many
other Calabrian territories. Anthropogenic pressure has not affected only the coastal areas
but also many rivers. Indeed, from the 60s of the last century up to the 90s, numerous weirs
were built in most of the Calabrian rivers following disastrous floods. Among the effects
produced by them, it should be mentioned the immobilization of significant quantities of
sediments, which have reduced the river transport. In the study area, the greatest shoreline
retreats between 1954 and 1996 have been observed at the Assi and Stilaro river mouths
and at the inhabited center. Therefore, the erosive processes observed between 1954 and
1996 are mainly related to anthropogenic factors.
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In the last 25 years, there has been an alternation between erosions and accretions,
and the current average beach width is the same as in 2000 and less than half than that of
1954. Instead, by moving the analysis scale from the entire sub-unit to the single transepts,
a homogeneous trend is observed in line with the global one up to 2000. After, the trend
becomes very variable even in the time intervals where the average variation of the beach
area is nothing or small. The situation that in the same time interval there are transepts
in erosion and in advancement, but with zero or small variations in the total area of the
beach, highlights that the sediments are redistributed within the sub-unit. Additionally, in
this time interval, no significant anthropogenic interventions were observed along coasts
and rivers of the study area. Therefore, anthropogenic pressure does not appear to be the
cause of these evolutionary trends, so to identify the possible causes of this phenomenon,
natural factors were analyzed, especially the balance between longshore and river sediment
transport. In detail, the mean longshore transport estimated with the Tomasicchio et al. [78]
model is about 90,000 m3/ year and is directed from South to North so the Stilaro River
would be the main source of sediment for the study area. However, this area is also
subject to sea storms from the North-East directions, so the Assi River is also a source of
sediments. The mean river transport, estimated with the Gavrilovic model [80], is over
60,000 m3/ year for the Stilaro River and over 40,000 m3/ year for the Assi River. Globally,
the river contribution afferent to the examined physiographic sub-unit is approximately
100,000 m3/year. Therefore, longshore and river transport are on average of the same
magnitude. This consideration allows us to hypothesize that the evolutionary trend of the
last 25 years is mainly related to natural factors that alter the sedimentary balance, such as
the action of single sea storms or particularly rainy or dry periods. Regarding the latter
parameter, this hypothesis is also reinforced by the following considerations: the river
sediment transport is mainly related to WSE, significant anthropic interventions are absent,
and the sediments are redistributed along the study area, and the greatest variations are
observed in the external transepts, near the Stilaro and Assi river mouths.

Regarding the damage to the dune system, the sea storms that occurred in the winter
of 2013-2014 were analyzed. These storms occurred when the beach width was very
small. From a statistical point of view, the two sea storms had return periods of 4 and
7.5 years, therefore corresponding to statistically frequent events. Between the two sea
storms, the one that most damaged the coast was the second as it was characterized by a
long duration, 140 h, and coming from almost orthogonal directions with respect to the
coast itself. Therefore, these sea storms are not extreme events, so the damage is probably
related to the action of each sea storm and is accentuated from the fact that these events
occurred when the beach width was a few tens of meters, much lower than that observed
in the other time intervals analyzed. The storms of winter 2013-2014 did not only affect
the coast of Monasterace but also affected several locations in Western Europe causing
beach and dune erosion [46,54]. In summary, the main causes of the erosive processes of
the dune-beach system are anthropic in the last century and natural in the new century.

Finally, after analyzing the main causes of erosive processes, the effectiveness of two
different interventions was analyzed. The first intervention is a barrier that was built in
urgency between the two sea storms and was located on the beach between the shoreline
and the dune. This barrier, however, represents a temporary intervention, with limited
effectiveness as the sea storms crossed it (Figure 7b) as occurred during the storm of
February 2014. Furthermore, the barrier has a length of 30 m while the archaeological
site has a length of over 250 m so that a significant portion of the dune has remained
unprotected (Figure 8a). Instead, the barrier built after 2017 was located close to the dune
and extends the entire dune length. Thus, the problem of the wave motion crossing was
solved, and the entire dune was protected. The validity of this intervention is highlighted
by the fact that after its realization no further damage was reported. Instead, temporary and
urgent interventions such as the one at the beginning of 2014 often are not very effective.
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5. Conclusions

The paper, through a case study concerns the archaeological site of Kaulon, located
on a dune in the Ionian coast of Calabria (Italy), analyzed the beach and dune erosive
processes, their causes, and possible interventions.

The methodology proposed in this paper does not focus on a single erosive factor
but evaluates the effects caused by three main factors on the beach-dune system. These
factors are anthropogenic pressure, wave climate, and sea storms and river transport. On
the other hand, the effects were assessed in terms of shoreline changes and damage to the
dune system.

The analysis of the shoreline evolutionary trends carried out at a physiographic sub-
unit scale highlighted a possible correlation between erosive processes and anthropogenic
pressures in the second half of the last century. On the other hand, in the new century the
evolutionary trends are mainly correlated to natural factors. Among the natural factors, the
most relevant were the sea storms of winter 2013-2014 which damaged the archaeological
site. River transport is also relevant both due to the peculiarities of the Calabrian rivers
and due to the shoreline changes observed near the Assi and Stilaro river mouths.

In addition to this analysis, the effects produced by the construction of two interven-
tions to protect the dune and the archaeological site were also evaluated. In detail, a barrier
of modest width was initially built, located in the stretch of beach between the dune and
the shoreline. Subsequently, a barrier was built at the foot of the dune, which extends along
the entire length of the archaeological site.

However, the initial barrier did not serve to protect the dune itself which, on the
contrary, was more damaged by the second storm and the wave motion bypassed the
barrier itself. Instead, the barrier at the foot of the dune that extends along the entire length
of the archaeological site seems to be a suitable intervention to protect the archaeological
site from the action of sea storms as evidenced by the absence of new damage from its
construction to date.

Finally, the analysis described in the paper highlighted how temporary interventions,
often punctual and carried out in urgency, are not resolutive of the erosive problem but,
instead, can accentuate it. Therefore, extended interventions, that consider the causes of
erosive phenomena, are more suitable. This analysis is of interest for the protection and
management of coastal areas and can be easily replicated in any location as it requires free
access data and uses free access software and models present in scientific literature and
characterized by ease of application.
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