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Abstract

Coastal erosion and shoreline change represent major challenges for the sustainable manage-
ment of coastal environments, with implications for infrastructure, ecosystems, biodiversity,
and the socio-economic well-being of coastal communities. This study investigates the
shoreline evolution of 79 Mediterranean microtidal beaches located along the southern coast
of Sardinia Island (Italy), using the Digital Shoreline Analysis System (DSAS). Shorelines
were manually digitised from high-resolution aerial orthophotos made available through
the WMS service of the Autonomous Region of Sardinia, covering the period 1954-2022.
Shoreline changes were assessed through five statistical indicators: Shoreline Change En-
velope (SCE), Net Shoreline Movement (NSM), End Point Rate (EPR), Weighted Linear
Regression (WLR), and Linear Regression Rate (LRR). The results highlight marked spatial
and temporal variability in shoreline retreat and accretion, revealing patterns that link
shoreline dynamics to the degree of anthropisation or naturalness of each beach. In fact,
coastal areas characterised by local anthropogenic factors showed higher rates of shoreline
retreat and/or accretion, while natural beaches showed greater stability and resilience in
the long term. The outcomes of this analysis provide valuable insights into local coastal
dynamics and represent a critical knowledge base for developing targeted adaptation
strategies, supporting spatial planning, and reducing coastal risks under future climate
change scenarios.

Keywords: DSAS; coastal management; shoreline evolution; Mediterranean

1. Introduction

Coastal environments are dynamic systems, constantly evolving due to the inter-
action between natural and anthropogenic factors that drive erosion and sedimentation
processes [1]. Coastal erosion is a phenomenon that is observed around the world. It is
predicted to accelerate under the combined influence of several factors, including sea level
rise driven by climate change, changes in wave climate, reduced fluvial sediment supply,
and the impacts of coastal urbanisation. [2—4].

Recent studies have shown that the Mediterranean Sea is also experiencing the impacts
of global climate change [5,6]. However, in semi-enclosed basins such as the Mediterranean
Sea, projecting future trends in storm frequency and intensity remains challenging due to
spatial heterogeneity and limited data coverage [7-11]. Tide-gauge networks and satellite
altimetry show decadal sea-level increases ranging between approximately 2.5 and 3.6 mm
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per year in the early 21st century, with significant regional variability owing to factors
such as vertical land movements and subsidence [12-15]. These trends amplify both the
frequency and intensity of storm-induced surges, especially in semi-enclosed basins (e.g.,
Adpriatic, Aegean, Tunisian coasts), where beach flooding can occur due to the combined
effects of tidal, meteorological and wave dynamic interactions [12].

The Mediterranean Sea is also distinguished by the presence of extensive meadows
of Posidonia oceanica, a seagrass species endemic to the region, which constitutes one of
the most significant coastal ecosystems. These meadows act as biodiversity hotspots,
provide nursery habitats for numerous marine species, contribute to water quality through
oxygen production, and play a crucial role in coastal protection by stabilising sediments
and attenuating wave energy [16,17].

In microtidal environments, such as those of Mediterranean beaches, even small
variations in hydrodynamic conditions and/or sediment budgets can produce significant
shoreline changes [18,19]. This is particularly critical for embayed beaches (also known as
pocket beaches; [20]), which function as quasi-closed sedimentary systems with limited
connectivity to adjacent sandy systems and minimal fluvial or longshore sediment inputs.
Being laterally bounded by rocky headlands [21,22], the morphodynamic equilibrium of
embayed beaches relies on a delicate balance among wave energy, sediment availability,
and local topography [23]. Moreover, their limited spatial extent and high tourist pressure
further increase their vulnerability to erosion and habitat degradation.

Vulnerability assessment studies reveal that almost 50% of Mediterranean coastal
systems, especially sandy, low-lying beaches, are highly susceptible to erosion, coastal
flooding, and saltwater intrusion, with socio-economic factors contributing to further
amplifying the risk [15,24,25]. In this context, there is an urgent need to implement adaptive
and site-specific coastal management strategies based on robust and objective datasets
to mitigate the impacts of sea level rise and reduce the vulnerability of Mediterranean
coastal areas.

Human interventions have profoundly altered the morphology of the Mediterranean
coast [26,27]. The construction of ports, tourist infrastructure, and urban settlements
has disrupted natural sediment transport pathways, accelerating erosional processes in
many areas [28,29]. In recent years, one of the most widespread anthropogenic practices
observed throughout the study area is the removal of large volumes of Posidonia oceanica
banquettes using heavy mechanical vehicles [30]. Banquettes, also known as seagrass berm,
are natural sedimentary deposits composed of leaves, roots, and rhizomes of Posidonia
oceanica, mixed with sand, that accumulate in the dry beach, at the upper limit of the
wave action zone. [30]. Although this practice is primarily undertaken for aesthetic and
recreational purposes, it may cause impacts such as compaction and removal of sand, alter
the natural morphology of the beach, and significantly reduce the capacity of the coastal
system to dissipate wave energy. Consequently, the beach’s resilience to storm events is
compromised and its vulnerability to shoreline retreat is increased [31-35]. Moreover, the
implementation of beach nourishment is frequently utilised as a mitigation strategy [36,37].
In some cases, this has led to the modification of natural characteristics, and, at times,
it has been observed to exacerbate shoreline retreat [38]. The effective management of
the coast necessitates the integration of scientific shoreline monitoring, spatial-temporal
analysis, and strategic planning in order to preserve the ecological integrity, as well as the
socio-economic functions of beaches.

Recent advances in remote sensing technologies, GIS-based shoreline trend detec-
tion, and integrated coastal risk indices have significantly improved the development of
robust, regionally calibrated frameworks for coastal risk assessment and long-term moni-
toring [39-41]. Within this context, the systematic reconstruction and analysis of historical
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shoreline positions remains a fundamental approach for understanding coastal morpho-
dynamics [42—-46], identifying long-term retreat and accretion trends, and informing the
design of evidence-based adaptation strategies. One of the most widely used tools for this
purpose worldwide is the Digital Shoreline Analysis System (DSAS) [47], which has been
extensively applied in diverse coastal settings to quantify shoreline change rates across
multiple spatial and temporal scales [48-51]. However, despite the increasing availability
of geospatial data and analytical tools, some Mediterranean coastal regions remain under-
studied, resulting in significant gaps in the literature. One such area is southern Sardinia,
where coastal morphology is highly heterogeneous, ranging from natural dune-backed
systems to heavily anthropised beaches.

This study aims to estimate the shoreline trends of 79 microtidal Mediterranean
beaches along the southern coast of Sardinia Island (Italy) using the DSAS. By analysing
aerial orthophotos from 1954 to 2022, long-term retreat and accretion rates have been
quantified, as well as how these resulting patterns are related to both climate-driven forces
and anthropogenic modifications. This approach provides a spatially explicit, data-driven
basis for future beach management and conservation strategies in the context of accelerating
environmental change.

2. Materials and Methods
2.1. Geographical Setting of the Study Area

The study area is located in Southern Sardinia (Italy, western Mediterranean Sea)
along a coastal stretch of about 130 km, between Cape Teulada and Cape Carbonara
(Figure 1). Along this coastline, both rocky and sandy shorelines can be found. A total
of 79 microtidal beaches were analysed. These beaches vary greatly in terms of length
and cross-shore extension: although many of them can be classified as embayed beaches
with a high degree of embaymentisation [52], the studied coastline also includes beaches
that are several kilometres long and have limited bay indentation [53]. They are mainly
characterised by sandy sediments, with grain sizes ranging from fine to coarse. In some
locations, particularly along the western coastline, pebble sediments are also present. The
entire study area is characterised by the presence of Posidonia oceanica meadow, whose
upper limit, varying among the different beaches, can be located at different distances from
the shoreline [54] (Figure 1). This variability is influenced by several factors, including
local hydrodynamic conditions, water turbidity, and, in some cases, the morphological
characteristics of the seabed. In addition to their ecological function, these meadows may
play a crucial role in the dissipation of wave energy and the offshore trapping of sediment,
thus promoting beach stability and enhancing the coastal system’s resilience to extreme
events. [54]. Moreover, the studied coastal stretch exhibits spatial variability in coastal
exposure and wave conditions [28,52,53,55,56].

Within the study area, the degree of human anthropisation along the coastline, as well
as in the associated river catchments, exhibits significant spatial variability, closely related to
the proximity of main urban centres. These consist of 26 artificial basins, including 15 dams,
which could affect the supply of sediment in the study area [57]. Moreover, interventions
to stabilise rocky cliffs bordering beaches, particularly those involving anchored mesh
systems, may also affect the amount of sediment entering the coastal system by reducing
the natural supply of sediment derived from erosion of the rock face [28]. Finally, one of the
most common anthropogenic alterations affecting beach systems is the urbanisation of dune
areas through the construction of roads, infrastructure, and buildings. These developments
have disrupted the natural response of dune systems to coastal disturbances, reducing their
resilience and increasing the risk of shoreline retreat. Also, the state of the upper limit of
the Posidonia oceanica meadow may influence sedimentary dynamics acting as a natural
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barrier against offshore sediment loss [58]. Where this upper limit is significantly degraded
and/or fragmented due to anthropogenic pressures, the system’s capacity to preserve
morphological equilibrium and resist high-energy events appears to be diminished, thus
may result in an increased vulnerability to shoreline retreat (Figure 1). All these factors

may interfere with morphodynamic and sedimentary processes and, therefore, affect the
position of the shoreline.
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Figure 1. Location of study area: southern coastal stretch of Sardinia Island (Western Mediterranean
Sea). The red line highlights the coastal stretch analysed in this study, while the dotted boxes represent
the four sectors into which the coastline was subdivided for the data analysis. The Posidonia oceanica
meadow is marked in green, showing its distribution and proximity to the shoreline in the study
area. The red dot indicates the position of the virtual buoy of the Copernicus Marine Environment
Monitoring Service (CMEMS). (Coordinate system: UTM 32N; Datum: WGS84).

To facilitate analysis and discussion of the obtained values, the studied coastal stretch
area was subdivided into four sectors (Figure 1). Sector 1 extends from Cape Teulada to
Cape Spartivento; Sector 2 covers the coastline from Cape Spartivento to the western part
of the Gulf of Cagliari; Sector 3 corresponds to the central part of the Gulf of Cagliari; and
Sector 4 stretches eastward to Cape Carbonara (Figure 1).

Pocket beaches, or “embayed beaches”, are the predominant beach type in Sector 1,
which were formed within deep rias inlets resulting from marine ingression into ancient
river valleys [59]. Anthropogenic coastal modifications in this sector are minimal, with
only a small marina located near a beach east of Cape Teulada.

In Sector 2, the coastline becomes less indented than in Sector 1, with wider beaches
interspersed with smaller, more sheltered ones. Moreover, the higher anthropogenic
pressure in this sector has led to the construction of coastal engineering structures (e.g.,
breakwaters, groins, jetties), both parallel and transverse to the shoreline.

In Sector 3, the coastal morphology is more uniform, with long stretched beaches
occasionally interrupted and crossed by artificial structures. The urban area of Cagliari, the
largest urban centre on Sardinia Island, and its hinterland, where significant urban develop-
ment has taken place, are included within this sector. This area has undergone substantial
modification over the years, primarily due to the construction of marinas, commercial and
recreational ports, piers, breakwaters, and other hard coastal defence structures, in addi-
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tion to artificial beach nourishments. The presence of transversal groynes and analogous
engineering interventions, which are designed to regulate sediment transport and stabilise
the coastline, further underscores the significant degree of anthropogenic impact that is
characteristic of this central sector [53,60].

Similar to Sector 1, Sector 4 is characterised by small beaches dominated by rocky
headlands, occasionally alternating with beaches featuring longer stretches of shoreline.
Even in this sector, intense anthropogenic activity has led to the morphological modification
of some beaches.

The morphologies observed along the coastline are largely governed by the underlying
geology of the study area. Sectors 1 and 4 are both characterised by the presence of Palaeo-
zoic intrusive rocks (mainly granites), linked to the structuring of the Hercynian Basement
in Sardinia [61]. However, metamorphic rocks can also be found in Sector 1 [62]. Intrusive
rocks are dominant in Sector 2, but a transition to sedimentary deposits (Quaternary) is
observed, interrupted by the presence of Oligocene—Miocene volcanic rocks [61]. Finally,
the central coastal stretch of the study area (Sector 3) is characterised by the presence of
recent post-Hercynian sedimentary cover (Quaternary) [61].

2.2. Shoreline Changes Analysis

The historical shoreline changes (trends of beach accretion and retreat) were performed
using the Digital Shoreline Analysis System (DSAS, version 5.1) [47], an add-in of Ersi
ArcGIS Desktop software (version 4.10).

For each microtidal beach analysed, shoreline positions were digitalised using aerial
orthophotos available in the WMS Service of the Autonomous Region of Sardinia [63],
covering a period from 1954 to 2022. Following the works of Usai [52,53], a grid with
4 x 4 km cell size was created to extract the aerial orthophotos, maintaining their original
pixel resolution. Overall, 11 aerial orthophoto mosaics were obtained (GeoTIFF format),
each corresponding to the year considered for the shoreline analysis (1954, 1968, 1977, 1997,
2003, 2008, 2010, 2013, 2016, 2019, and 2022). To ensure reliable estimates of the shoreline
position, all aerial orthophotos were manually georeferenced in a GIS environment to
minimise positional errors, using the aerial orthophoto mosaic with the highest resolution
and accuracy as a reference (2008). The georeferencing of aerial orthophotos was performed
using the polynomial transformation as an interpolation technique.

Shoreline position for each year considered in this study was manually digitalised
using QGIS software (version 3.4.10), maintaining a fixed digitisation scale of 1:800. The
shoreline position was defined using the instantaneous water line [64,65] as a reference,
since this indicator was considered the most suitable given the quality and temporal
heterogeneity of some of the earliest photomosaics [65]. Shoreline position measurements
are inherently affected by positional uncertainties arising from natural factors that influence
shoreline dynamics (e.g., wind, waves, and tides) as well as sampling-related uncertainties,
such as digitisation errors and inaccuracies in the image positioning system [65]. Therefore,
to improve the accuracy of the results obtained from the shoreline analysis, the values
of uncertainties associated with each aerial orthophoto mosaic were estimated. The total
positional uncertainty o7 is described by Equation (1) [66-68]:

or = \/(754— 03+ 02+ 0%+ 03, + o (1)

where

e  0,isthe Digitisation Error, obtained by digitising the same element (shoreline) 30 times
in the same image and calculating the error as the standard deviation of the residual
position of that digitised element Table 1,
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e  0pisthe Pixel Error, corresponding to the size of one pixel of the image considered Table 1,

e 0, is the Orthorectification Error, derived from the root mean square error (RMSE)
between the image points and their corresponding Ground Control Points (GCPs) Table 1,

® 0 is the Coregistration Error, derived from the root mean square error (RMSE) of
residual misalignment among single pixels from the dataset of images considered Table 1,

e  (y, is the Tidal Error (derived from the natural fluctuation of sea level), calculated
using Equation (2) proposed by Allan [69]:

Ot = g 2)

where VC represents the vertical change in water level and S is the beach slope.

Table 1. Shoreline uncertainties associated with each year of aerial orthophoto considered
(from 1954 to 2022), according to Equation (1) (units in metres).

Year o4 op o, Tco Owr Otd or
1954 2.86 0.95 3.23 1.64 1.93 1.35 5.27
1968 1.87 0.50 2.13 1.37 1.93 1.35 3.97
1977 1.37 0.52 2.02 1.32 1.93 1.35 3.67
1997 2.19 0.25 1.72 0.99 1.93 1.35 3.79
2003 1.47 1.00 1.03 1.22 1.93 1.35 3.36
2008 0.45 0.10 0.00 0.00 1.93 1.35 2.40
2010 0.89 0.50 1.39 0.51 1.93 1.35 2.96
2013 0.71 0.50 1.07 0.78 1.93 1.35 2.84
2016 0.48 0.20 1.30 0.50 1.93 1.35 2.79
2019 0.57 0.20 0.92 0.59 1.93 1.35 2.67
2022 0.38 0.20 0.79 0.19 1.93 1.35 2.53

Based on data from the tide gauge station located in the Port of Cagliari [70], a tidal
range value of 0.35 m was adopted as representative for the study area. To estimate the
swash zone slope of each beach, high-resolution LiDAR Digital Terrain Models (DTMs)
made available through the Sardegna Geoportale website [71] were analysed. These DTMs
were derived from LiDAR surveys conducted by the Italian Ministry for the Environment
(MATTM) between 2008 and 2009, on the whole coastal areas of Sardinia. The open-access
datasets have a vertical accuracy of 15 cm and a horizontal accuracy of 30 cm. The slope of
each beach was calculated, and the corresponding value of o;; was, respectively, determined.
The final ¢4 value used in the analysis was obtained by averaging the individual values
derived for each beach (see Table 1).

® 0y, represents the Wave run-up Error, understood as the wet/dry boundary of the
swash zone, which was used as a proxy in the multi-temporal shoreline analysis.
According to Stockdon [72], the runup elevation (Ry9,) can be estimated using em-
pirical formula based on the significant wave height in deep water (Hy), the wave
period (T), and the beach slope. Based on the analysis of Copernicus Marine Environ-
ment Monitoring Service (CMEMS) [73] wave data collected offshore of the study area,
a representative value of Hy = 0.5 m and T = 6.4 s was adopted. Using the previously
determined beach slopes, the Ry9, value was calculated for each beach, resulting in an
average value of Ryo, = 0.5 m, which corresponds to a mean shoreline uncertainty of
approximately 1.93 m due to wave runup, Table 1.

Finally, the digitalised shorelines and their respective uncertainties were processed
using the DSAS tool, estimating the retreat and/or accretion rates of the 79 microtidal
beaches under study. More precisely, from a user-defined baseline, a series of equidistant
transect perpendicular to the baseline was generated for each beach (with a length of 200 m



Water 2025, 17,2517

7 of 33

and spaced 20 m). For each transect, a suite of statistical indicators was computed in order
to analyse the dynamic characteristics of the beaches:

e  Shoreline Change Envelope (SCE)—represents the total range of shoreline move-
ment by capturing the maximum distance between all shoreline positions over
the considered time period, offering a non-directional measure of total shoreline
variability [67,74],

e  Net Shoreline Movement (NSM)—measures the total distance of shoreline change
between the earliest and the most recent shoreline positions [75],

e  End Point Rate (EPR)—calculates the rate of shoreline movement by measuring the
change between the earliest and most recent shoreline positions over the considered
time period [76,77],

e  Weighted Linear Regression (WLR)—assigns variable weights to shoreline positions
based on their temporal spacing and positional uncertainty, giving greater influence
to measurements with higher accuracy. In DSAS, weights are typically calculated
as the inverse of the squared positional error, thus helping to reduce the impact of
less reliable data. This approach improves the robustness of trend estimation in
heterogeneous datasets and is particularly effective when shoreline records vary in
quality or temporal distribution [65,78],

e Linear Regression Rate (LRR)—is calculated by fitting a least-squares linear regression
line through all shoreline positions, providing a robust estimate of long-term trends
in shoreline movement [79,80]. However, the values obtained for the LRR were not
reported in the results figures in order to avoid repeating two linear regression values,
giving priority to those weighted with uncertainty values (WLR).

Moreover, the maximum cross-shore width of each beach has been digitised using the
2022 aerial orthophotos. This has been performed in order to facilitate correlation with the
statistical indices listed above.

2.3. Wave Storm Events Analysis

To assess the potential impact of wave storm events on beach morphodynamics
over the years, CMEMS reanalysis data were analysed for the study area [73]. For this
purpose, the computational grid located offshore of the study area was selected, and wave
parameters were extracted from 1 January 1985 to 31 December 2022 from the virtual buoy
indicated by the red dot in Figure 1. In particular, the significant wave height (H;) and
wave direction (6) were extracted. Wave storm events were identified using the Peak Over
Threshold (POT) approach [81], which selects all sea states where the significant wave
height (H;) exceeds a fixed threshold of 1 m for a minimum continuous duration of 6 h.
To avoid double-counting recurrent peaks within the same storm, consecutive peaks were
merged if they occurred within a time gap of 48 h. For each identified event, the following
parameters were computed:

e  Maximum significant wave height (Hsax; metres)

e  Duration of the storm events (D; hours)

e  Mean wave direction, computed using the circular mean equation (Equation (3)) to
account for the directional nature of the data (6 degree):

0= atan2<i sin(6;), icos(éﬁ) (3)
i=1

i=1
where 0 is the wave direction of each record in radians. The resulting mean direction was
then converted back to degrees and normalised in the interval [0°, 360°].
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For each storm event identified through POT analysis, the storm power index Ps (m?h)
was also calculated [82,83]. This index is a function of both the maximum significant
wave height and the duration of the storm and is considered an appropriate parameter for
defining the strength of a storm. In this study, the storm power index (Equation (4)) was
used as a proxy for the potential erosive power of each storm event.

Ps = HszmuxD 4)
where Hjqx is the maximum significant wave height for each storm (m), and D is the storm
event duration (h).

3. Results and Discussion

The study area is located along the southern beaches of Sardinia, covering a coastline
of approximately 180 km in length. Of this, approximately 52 km consists of the 79 beaches
analysed over a period of approximately 70 years. Depending on the DSAS processing, a
total of 2573 transects were used for the SCE, NSM and EPR calculations, while the number
decreased to 2568 transects for the LRR and WLR analyses due to the incomplete overlap
of all historical datasets on the coastline. The values of the statistical indicators obtained
are reported in Tables A1-A4 (See Appendix A).

The Shoreline Change Envelope (SCE) analysis revealed an average variability of
24.1 m along the study area, with maximum values reaching 135.4 m in Sector 3 (Figure 2,
Beach ID 47 in Table A3), while minimum values of 0.7 m were recorded in Sector 4
(Figure 2; Beach ID 58 in Table A4).
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Figure 2. Graphical representation of the entire study area of the calculated NSM and SCE indicators.
For ease of presentation, the four sectors of the study area are also shown.

The Net Shoreline Movement (NSM) analysis indicates an average shoreline retreat of
—1.47 m along the study area. Overall, 1631 transects (63.4% of the total) show negative
distance values, indicating net retreat, while 942 (36.6% of the total) display positive values,
reflecting local accretion. The maximum shoreline retreat was recorded in Sector 3 with a
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value of —132.2 m (Figure 2; Beach ID 47 in Table A3), whereas the maximum shoreline
accretion was observed in Sector 4 with a positive distance of 108.1 m (Figure 2; Beach ID 75
in Table A4).

The End Point Rate (EPR) analysis indicates an overall condition of substantial stability
along the study area, with an average rate of —0.02 m/yr. However, 1631 transects (63.4%
of the total) have a retreating trend, while 34.7% of the total transects exhibit statistically
significant retreat rates, with maximum values reaching —1.9 m/yr in Sector 3 (Beach ID 47
in Table A3). Conversely, 942 transects (36.6% of the total) have an accretional rate, while
20.5% of the total transects exhibit statistically significant accretion, and maximum positive
rates of 1.59 m/yr are recorded in Sector 4 (Beach ID 75 in Table A4).

Average values of Weighted Linear Regression (WLR) indicate an overall stability for
the entire study area, with a mean rate of —0.02 m/yr. However, 67 beaches (84.8%) exhibit
a negative rate (retreat), while 12 beaches (15.2%) display a positive trend (accretion). Of all
transects, 1708 (66.5% of the total) show a retreating trend, while 23.8% are in statistically
significant retreat, with a maximum rate of —1.59 m/yr recorded in Sector 3 (Beach ID 47 in
Table A3). Conversely, 860 transects (33.5% of the total) are in an accretional trend, while a
total of 12% of the transects exhibit statistically significant accretion, with a maximum rate
of 1.94 m/yr calculated in Sector 4 (Beach ID 75 in Table A4). When considering natural
beaches from those influenced by the presence of anthropogenic structures, for natural
beaches the average retreat rate is —0.07 m/yr and the average accretion rate is 0.05 m/yr.
In contrast, anthropised beaches show an average retreat rate of —0.33 m/yr, while an
average accretion rate of 0.22 m/yr.

Average values of Linear Regression Rate (LRR) obtained for the entire study area
indicate an average rate of —0.01 m/yr. 1615 transects (62.9% of the total) are in retreating
trend, while 29.1% show statistically significant retreat, with a maximum rate of —1.76 m/yr
recorded in Sector 3 (Beach ID 47 in Table A3). On the other hand, 953 transects (37.1% of
the total) are in accretional rate, while 14.2% show statistically significant accretion, with a
maximum rate of 1.58 m/yr calculated in Sector 4 (Beach ID 75 in Table A4).

Across the study area, the comparison between maximum beach width (digitalised
from 2022 aerial orthophotos) and the Shoreline Change Envelope (SCE) highlights clear
differences between anthropised beaches (red dots in Figure 3) and natural beaches (green
dots in Figure 3). Anthropised beaches, influenced by structures such as groynes, harbours,
and marinas, show widths mostly between 10 and 50 m (only one reaching about 120 m),
whereas natural beaches range approximately from 10 to 70 m (only two exceeding 100 m).

Natural beaches display lower SCE values, reflecting their greater capacity for re-
silience and self-regulation. Here, a moderate correlation between maximum beach width
and SCE was found (R? = 0.49). In contrast, anthropised beaches show higher SCE variabil-
ity, no maximum beach width—SCE correlation (R% = 0.001), and more persistent shoreline
changes, as structures constrain natural recovery. In cases where SCE exceeded 60 m, har-
bour and groyne construction produced substantial accretion or retreat, often preventing
the shoreline from returning to its original position.

Overall, these variations can be primarily attributed to local specific factors and
these findings highlight the importance of integrating anthropogenic influences when
analysing shoreline evolution, as localised deviations from general trends may reflect
complex interactions that cannot be fully explained through a large-scale approach. To
better illustrate these observations, each sector has been further described below.
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Figure 3. Correlation between the statistical indicator SCE (Shoreline Change Envelope) and the
maximum beach width, considering natural beaches (green dots) and anthropised beaches (red dots).

3.1. Sector 1

The coastal stretch of sector 1 is characterised by the least anthropogenic changes in
the entire study area, which is also reflected in the overall stability of the coastline. In this
sector, the highest SCE values were recorded at Beaches ID 3, 11 and 17. The values and
trends (shoreline retreat and accretion) associated with SCE, NSM, EPR and WLR statistical

indicators are reported in Figures 4 and 5.
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Figure 4. Values of the statistical indicators (A) NSM, (B) SCE, (C) EPR, and (D) WLR for each transect
of beaches identified in Sector 1. The colour of the beach identification number indicates its type:
natural (green number) or anthropised (red number). Coordinate system: UTM 32N; Datum: WGS84.
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For Beach ID 3 (Porto Scudo beach), a relatively high SCE value was recorded, together
with a retreating WLR rate of —0.36 m/yr, the lowest calculated in this sector. This localised
retreat trend is likely related to the repeated military exercises regularly conducted on
Beach ID 3, which is located within the military training area of Cape Teulada, active since
1956. This beach is periodically used for manoeuvres with heavy vehicles and amphibious
landing operations (Figure 6A,B). Orthophoto analysis clearly illustrates the visible impacts
of these activities on the entire beach system, including the flattening of natural beach
morphologies and the fragmentation of the foredune ridge, both of which compromise the
system’s natural resilience to storm events. The removal of micro topographic features
and damage to the dune structure reduce the beach’s capacity to trap and retain sediment,
making it more vulnerable to episodic retreat. This combination of factors can explain
the recorded retreat rate and highlights the importance of considering human impacts on
coastal stability, especially in otherwise natural sectors.

On the other hand, the high SCE values (maximum value of 34.1 m) recorded for Beach
ID 11 (Piscinni beach) are mainly related to the natural dynamics of sedimentation and
erosion of large volumes of Posidonia oceanica rests (commonly known as banquettes [34,54]).
In fact, due to a coastal video monitoring system installed in 2011, it has been observed that
after the most intense storm events, which reach the foredune, the deposition of banquettes
plays a key role in restoring the shoreline position, leading in some cases to accretion of
up to 30 m following major storms [55]. Moreover, these accumulations tend to intensify
along the beach extremities, promoting periodic shoreline rotation and shifting sediment
along the cuspate margins of the system [55]. This natural cycle of banquette deposition
acts as a buffer against storm impacts by reinforcing parts of the foreshore, but when the
accumulation is uneven, it can shift wave energy towards unprotected sections, resulting
in localised retreat. This mechanism helps explain why positive NSM values occur at the
beach extremities, while the central area shows slightly negative trends.

Finally, for Beach ID 17 (Tuerredda beach) (Figures 4 and 5), the marked coastline
variability, together with the coexistence of sections undergoing retreat and accretion, can
be attributed to its cuspid morphology, which makes this beach particularly susceptible to
coastline rotation over time, with an average value of WLR of —0.04 m/yr.
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Figure 6. Panel (A,B) show Beach ID 3 (Porto Scudo beach). This beach falls within the military
area of Capo Teulada, and the marks left on the entire dune system by the continuous transit of
heavy military vehicles are evident (Panel (A)), while during more intense exercises, with amphibious
vehicles landing on the beach, all the natural features of the exposed beach are completely flattened,
further widening the gaps in the foredunes and compacting the sand, predisposing the beach to
retreat processes (Panel (B)). Coordinate system: UTM 32N; Datum: WGS84. Panels (C,D) come
from the coastal video monitoring system installed at Beach ID 11 (Piscinni beach). The deposition of
large quantities of Posidonia oceanica banquettes makes the position of the shoreline highly variable
on this beach.

3.2. Sector 2

Similarly to Sector 1, Sector 2 shows an overall condition of relative shoreline stability.
The values and trends (shoreline retreat and accretion) associated with SCE, NSM, EPR
and WLR statistical indicators are reported in Figures 7 and 8. Maximum SCE values were
recorded at Beaches ID 24 and 41 (Figures 7 and 8).



Water 2025, 17,2517

13 of 33

§
| f + 181 H ;L ]
NSM {m) iy |2 scE(m) f__._

——140 1075 5 - |—0t5 :

—-7510-25 R —51015 (

-2510-5 ( 8t |=—15t030 Thad

—-5t5 — 30 10 50 5

— 51035 . I' 19 —5010 100 f_. &

— 151075 ol — 10010 140 ' ol

— 7510140 / 3

01 2 3km
LS0000 - —
Frapecnon: UTM 11 WE534 Daurs

504,000€

4,320,000N 4, 304,000N

4,312,0008

a1 2 3km
1:80,000

-
[ S ——

8 1 2 3um
1:50,000

[ Y SR y——

4,304, 000N
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Figure 8. Values of the statistical indicators (A) SCE and NSM, (B) EPR and WLR for each transect
of beaches identified in Sector 2. The colour of the beach identification number indicates its type:

natural (green number) or anthropised (red number).

Beach ID 24 (Su Giudeu beach) shows a maximum SCE value of 68.0 m, a maximum
NSM value of 32.0 m and a maximum WLR trend of 0.31 m/yr, which are the highest
values recorded among the natural beaches in this sector. This notable shoreline mobility
can be attributed to the interaction of three main factors: (1) the large amount of sediment
stored in the extensive backshore dune system, which provides a substantial sediment
reservoir for natural redistribution; (2) its cuspate morphology, which makes the shoreline
particularly sensitive to changes in wave direction and intensity; (3) the presence of a pond
that periodically discharges into the sea depending on rainfall, introducing additional
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variability to sediment supply and local hydrodynamics (Figure 9A,B). As a result, intense
storm events are capable of eroding the foredune, causing short-term shoreline retreat, as
demonstrated by the comparison between the 2008 and 2022 orthophotos (Figure 9A,B).
Nevertheless, when longer time frames are considered, such as the period from 1954 to
2022, the shoreline shows an overall trend towards accretion. This indicates that, despite
episodic retreat events, the natural sediment dynamics and dune supply maintain the beach
system’s capacity to recover over the long term, underlining the importance of preserving
dune connectivity and natural buffers in coastal management strategies.

4,319,.250M

502,500E 503,250€ 501,750E 502,500€ 503,250E

Figure 9. Panels (A,B) show Beach ID 24 (Su Giudeu beach). The cusp-shaped nature of this beach,
together with the large amount of sediment accumulated in the dune system and the presence of the
pond, may explain the high variability of the shoreline at this beach, which shows areas of accretion
and areas of retreat. Panels (C,D) show Beach ID 41 (Perd’e Sali beach). The construction of a marina
and the installation of groynes parallel to the shoreline have altered the local currents at this beach,
creating areas of severe retreat and others with moderate accretion. Coordinate system: UTM 32N;
Datum: WGS84.

In contrast, Beach ID 41 (Perd’e Sali beach) shows clear signs of alteration due to
anthropogenic interventions: 85.5% of its transects show negative NSM values, with
48.2% of transects showing statistically significant retreat according to the WLR indicator,
reaching maximum negative NSM values of —46.2 m and maximum negative WLR trend
of —1.22 m/yr (Figures 7 and 8). However, the easternmost portion of this beach shows
positive shoreline change, with a maximum NSM value of 57.4 m, a maximum WLR
trend of 1.2 m/yr (9.6% of transects indicating statistically significant accretion). This
localised shoreline retreat and accretion are likely attributable to the construction of a
marina and coastal defence structures (groynes parallel to the shoreline) built in this area
between 1977 and 1997. These engineering interventions may have disrupted natural
longshore sediment transport, potentially leading to sediment trapping and obstruction.
Such alterations could intensify shoreline retreat in downdrift areas deprived of sediment
supply, while favouring localised accretion immediately updrift of the structures. The high
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degree of human modification and urbanisation might further limit the beach’s capacity to
recover from extreme events, restricting sediment redistribution and dune development
(Figure 9C,D). Consequently, the beach may exhibit a persistent erosional trend, suggesting
the need for integrated management strategies that safeguard sediment connectivity and
system resilience.

3.3. Sector 3

Figures 10 and 11 show the values and spatial-temporal trends of shoreline retreat and
accretion, as derived from the SCE, NSM, EPR and WLR statistical indicators, for sector 3.
This is the area of the studied coastline that has been most affected by anthropogenic modi-
fications. This sector includes the metropolitan area of Cagliari city (Figure 1), including
several urban beaches, extensive hard coastal defence structures and a large port area.
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Figure 10. Values of the statistical indicators (A) NSM, (B) SCE, (C) EPR, and (D) WLR for each
transect of beaches identified in Sector 3. The colour of the beach identification number indicates
its type: natural (green number) or anthropised (red number). Coordinate system: UTM 32N;
Datum: WGS84.

The highest values of SCE in the entire study area are recorded in this sector, reaching
135.4 m (La Maddalena beach, ID 47), which corresponds in this beach to a minimum
NSM value of —132.2 m and a minimum WLR rate of —1.6 m/yr (Figures 10 and 11).
A similar trend was observed for Beaches ID 43 and 44, both bounded by groynes oblique
to the shoreline. These engineering structures were originally designed to protect coastal
buildings and infrastructure from direct erosion. However, these structures have had a
significant impact on the local sediment dynamics. The groynes may have altered the
natural longshore current, which in this area flows mostly from south to north [84]. This
could lead to the formation of small circulation cells that trap and redirect sediment
transport processes. Furthermore, the groynes contributed to the erosion of the original
beach within these constructions, with progressive sediment loss and shoreline retreat.
Indeed, these beaches recorded maximum SCE values of 94.8 m and 105.1 m, respectively,
and minimum NSM values of —94.1 m and —96.1 m (indicating substantial net shoreline
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retreat). The WLR trends for these beaches confirm this pattern, with average value rates of
—0.78 m/yr (Beach ID 43) and —1.32 m/yr (Beach ID 44) (Figure 12A,B).
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Figure 11. Values of the statistical indicators measured for each beach in Sector 3: (A) SCE and NSM;
(B) EPR and WLR. The colour of the beach identification number indicates its type: natural (green
number) or artificial (red number).

Figure 12C shows another example of recent shoreline modification caused by rigid
coastal structures. This can be seen at the boundary between Beaches ID 50 and ID 51 (both
commonly referred to as Giorgino Beach), which is defined by two jetties built perpen-
dicular to the shoreline. These jetties allow for the passage of a channel that connects to
the lagoon behind. The presence of these structures here also interrupts the natural long-
shore sediment transport, creating an updrift area characterised by pronounced sediment
accumulation and accretion. This corresponds to a maximum SCE value of 54 m, which is
fully reflected in positive maximum NSM values of 54 m in Beach ID 50. In contrast, the
downdrift side exhibits a clear sediment deficit; the beach is unable to naturally recover
after major storm events, resulting in progressive retreat. This process may be further exac-
erbated by the degradation of the Posidonia oceanica meadow in front of these beaches (from
Beach ID 42 to Beach ID 52), which is no longer able to effectively mitigate wave energy
and prevent sediment loss offshore. The consequence of this process is that Beach ID 51
records maximum negative NSM values of —32.8 m, with maximum SCE values of 75.7 m.
This shoreline retreat made it necessary to build a seawall to protect the road that runs
between the beach and the lagoon behind it (Figure 12C). [28,60]

Finally, Beach ID 55 (Poetto beach) has undergone various anthropogenic modifications
over time [28]; among them was a beach nourishment carried out in the early 2000s along
the south-western area of the beach, particularly around transect no. 1555 (Figure 13). This
intervention resulted in a maximum SCE value of 72.4 m and a minimum NSM value of
—15.4 m in the nourished area (Figures 10 and 11).

Despite the absence of evident coastline retreat, as evidenced by analysis of coastline
positions mapped between 1954 and 1998 (see Figure 13D), large-scale beach nourishment
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was undertaken in 2002. This involved the deposition of approximately 300,000 m® of sand,
which differed significantly in grain size and composition from the native sediments [85,86].
This intervention resulted in substantial alterations to the local morphology and morpho-
dynamics of the beach [86]. The consequence of this phenomenon resulted in a sudden
accretion of more than 60 metres of the shoreline, as evidenced by the 2003 orthophotos.
However, this state of disequilibrium led to the rapid retreat of the added material. By 2010,
the coastline had undergone a retreat of approximately 50 metres from its 2003 position at
transect 1555 (see Figure 13C,D). Twenty years after beach nourishment, analysis shows
that the coastline in this area has essentially returned to its pre-beach nourishment position
in 1997.

501,200 _501,5506 __ _ 501, 200F 501,550E

4,336,200N

503.100E 503,400E

Figure 12. Panels (A,B) show beaches ID 43 and 44 (Frutti d’Oro Beach), which are bordered by
oblique groynes that have caused severe retreat. Panel (C) shows how the construction of two
jetties across beaches ID 50 and 51 has interrupted longshore sediment transport, creating significant
accretion in the updrift zone and significant retreat in the downdrift zone. Coordinate system: UTM
32N; Datum: WGS84.
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Figure 13. Evolutionary trends of Beach ID 55 (Poetto beach). Panel (A) shows the location of the
transects used to calculate the DSAS statistical indicator. Coordinate system: UTM 32N; Datum:
WGS84. Panel (B) shows the shoreline distance from the baseline over time, while Panel (C) highlights
the changes in shoreline positions across different time intervals. Panel (D) shows in detail the tem-
poral variation in shoreline distance from the baseline for transects 1555 (cross symbols), 1760 (circle
symbols), and 1880 (square symbols). Transect 1555 experienced a marked accretion immediately
after the nourishment, followed by rapid retreat that returned the shoreline to its 1997 position. On
the other hand, transect 1760 does not appear to have benefited from the sediment input provided

by the nourishment, maintaining a relatively stable shoreline position over time. Finally, transect

1880 shows an unexpected increase of approximately 70 m in shoreline position between 1954 and

1997, which has subsequently remained essentially unchanged to the present day.
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Analysis of transect 1760, located in the middle of Beach ID 55, further confirms this:
here, the shoreline has remained stable, with no significant accretion from the longshore
transport of nourished material (Figure 13D).

Moreover, at transect 1880 in the north-eastern sector of Beach ID 55, a steady accretion
trend was recorded from 1954 to 1997 (Figure 13D), after which it stabilised. However, fur-
ther site-specific studies and analyses would be required to gain a detailed understanding
of the processes driving this trend.

3.4. Sector 4

In Sector 4, the extent of anthropogenic modifications to the shoreline is generally
lower than in Sector 3. Figures 14 and 15 show the values of the statistical indicators SCE,
NSM, EPR and WLR for this sector.

Where anthropogenic modifications are present, such as at Beach ID 57 (Capitana
Beach) and Beach ID 75 (Spiaggia del Riso Beach), maximum SCE values of 44.6 m and
119.9 m are recorded, respectively (Figures 14 and 15). In both cases, the construction
and/or expansion of small marinas has significantly altered local coastal currents and
disrupted natural sediment transport processes. These interventions have led to sub-
stantial changes in the adjacent beaches, with some stretches experiencing pronounced
shoreline retreat, while others display clear signs of localised accretion (Figure 15). Such
contrasting patterns demonstrate how even relatively small-scale coastal infrastructure can
exert considerable influence on sediment dynamics when implemented in morphologically
sensitive areas.
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Figure 14. Values of the statistical indicators (A) NSM, (B) SCE, (C) EPR, and (D) WLR for each
transect of beaches identified in Sector 4. The colour of the beach identification number indicates
its type: natural (green number) or anthropised (red number). Coordinate system: UTM 32N;
Datum: WGS84.

A different set of processes appears to influence the patterns recorded at Beaches ID
64 (Kal’e Moru), 65 (Cann’e Sisa), 68 (Solanas), and 74 (Campulongu). These beaches share
a similar shoreline orientation, ranging between 120° N and 135° N, which exposes them to
the same dominant wave directions, see Figure 14. This common exposure results in marked
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morphological variability and distinct spatial patterns of shoreline change. Specifically,
these beaches exhibit significant retreat in their south-eastern sectors, with maximum
negative shoreline change values (NSM) of —55.9 m (Beach ID 64), —46.6 m (Beach ID 65),
—47.0 m (Beach ID 68), and —15.0 m (Beach ID 74). Conversely, their north-western areas
tend to be more stable or show lower retreat rates, sometimes even slight accretion, with
NSM values of 19.9 m in Beach ID 64, —20.2 m in Beach ID 65, —13.4 m in Beach ID 68, and
2.6 m in Beach ID 74 (Figures 14 and 15). These patterns reflect the influence of similar
wave dynamics combined with local geological controls, such as headland orientation, on
coastal processes across the beaches. In order to better understand this spatial variability,
a Peaks Over Threshold (POT) analysis of significant storm events was carried out using
data from a virtual CMEMS reanalysis buoy covering the period 1985-2022

From the POT analysis, a total of 1161 storm events exceeding the defined thresholds
were identified, averaging approximately 31 events per year. The data analysis shows that
the most intense year was 1987, which recorded 27 events with a mean value of storm
power index (Ps) equal to 2520 m?h and an average direction of 221°. In contrast, the least
intense year was 1994, with 36 events in total and a mean Ps value of 514 m?2h and an
average direction of 248°.
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Figure 15. Values of the statistical indicators measured for each beach in Sector 4: (A) SCE and NSM;
(B) EPR and WLR. The colour of the beach identification number indicates its type: natural (green
number) or anthropised (red number).

The analysis of mean wave directions reveals a marked predominance of events from
sectors between 250° N and 290° N (Figure 16), which are associated with the highest values
of storm power index within the analysed time series. In fact, 447 events originate from
these directions, equal to 38.5% of the total, with a mean value of Ps equal to 1279.8 m2h.
The maximum computed value of Ps has been reached in January 1987 (46248 m?h) with a
mean wave direction of 273° N, maximum H; of 7.3 m and a duration of 861 h. Similarly
oriented headlands modulate sediment transport patterns, promoting shoreline retreat
on the wave-exposed sides and accretion on the sheltered sides. The interaction between
incident wave energy, embayment geometry and local morphological setting has been
shown to promote the development of longshore currents, leading to intensified shoreline
retreat in high-energy sectors. Conversely, this interaction has been demonstrated to
enhance stability in areas protected by headland-induced wave shadowing. (Figures 16 and 17).
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Figure 16. Storm power index and mean wave direction for the 1161 storm events computed by the
POT method during the period between 1 January 1985 and 31 December 2022.

On the other hand, 158 storm events (equal to 13.6% of the total) approach with angles
between 120° N and 150° N (Figure 16), with an average value of Ps equal to 606.2 m?h. The
maximum P; values were computed for the event that occurred between March and April
2022 (14,265 m?h) with a mean direction of 139° N, maximum H; of 3.6 m and a duration
of 1079 h.

However, various factors can influence shoreline evolution along the study area.
Human activities, particularly the development of villages and tourist residences, have led
to the deep modification of some dune systems located behind the beaches (see Appendix B).
This is especially evident between beaches ID 65 (Cann’e Sisa) and ID 66 (Genn’e Mari),
where a dune field was entirely occupied by residential buildings. Such urban development
may have led to a sudden disruption in sediment transport between these adjacent dune-
beach systems, potentially affecting the long-term evolution of the shoreline position.

The study analysed trends in shoreline variation at 79 beaches in southern Sardinia,
representing the first survey of its kind conducted on the island over such a large area. The
analysis identified the areas most affected by shoreline retreat.

The results show that the areas characterised by high shoreline variability are those
subject to high anthropisation, primarily due to urban and industrial development rather
than coastal protection structures. Buildings such as roads, piers, and ports may have
altered natural processes, favouring shoreline retreat.

Furthermore, sector 3, the most anthropised zone of the study area, is also characterised
by marked degradation of the Posidonia oceanica meadow. The health of the meadow and
its upper limit can significantly influence coastal dynamics and contribute to the observed
shoreline variation trends. This evidence is also relevant on a larger scale, in contexts where
large-scale anthropogenic infrastructure, such as ports or other coastal works, affects the
health of Posidonia oceanica meadows. The degradation of these meadows may affect coastal
processes and result in shoreline retreat.
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Figure 17. Panels (A,B) show Beach ID 64 (Kal’e Moru beach) and ID 68 (Solanas beach), respec-
tively. Due to the prevailing wave regime (storm power index) and the partial protection provided
by headlands, the south-eastern sectors of these beaches are subject to more intense processes of
retreat compared to the north-western sectors, which tend to remain more stable or experience
less pronounced retreat. This is highlighted by the NSM values in these beaches (coloured tran-
sects in panels (A,B)). The blue line represents the shoreline digitised from 1954 aerial orthophotos.
Coordinate system: UTM 32N; Datum: WGS84.
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Therefore, the study suggests that, when planning any coastal intervention, priority
should be given to safeguarding and maintaining the health of Posidonia oceanica, as well
as taking care to prevent infrastructure from interfering with the dynamics and resilience
of the coastal system. This is particularly important in areas where the meadow is well
developed, and the upper limit is close to the coastline.

4. Conclusions

This study provides a comprehensive assessment of long-term shoreline change trends
along the southern coast of Sardinia by applying the Digital Shoreline Analysis System
(DSAS) to a time series of aerial orthophotos spanning from 1954 to 2022. The results
highlight the strong spatial variability of shoreline dynamics within a relatively long coastal
stretch, reflecting the combined effects of natural factors, local morphology, wave climate,
and anthropogenic modifications.

A key finding is the clear difference in behaviour between largely natural beaches and
heavily urbanised, engineered coastal areas. Beaches with minimal human impact tend
to be more resilient to natural shoreline movements; in fact, the balance between natural
coastal processes and protective features such as dunes and headlands helps to mitigate
the effects of storms and pressures from climate change, including sea level rise.

In contrast, beaches located near urban centres, harbours, or protected by rigid coastal
structures, such as groynes and breakwaters, show the highest rates of shoreline retreat in
the entire study area. These interventions, while often intended to defend specific assets or
infrastructure, frequently disrupt natural longshore sediment transport, creating downdrift
erosion hotspots and triggering unintended shoreline retreat. Similarly, the documented
nourishment at Poetto beach has shown how artificial sediment input can temporarily
modify beach morphology but often fails to deliver long-term stability when not adequately
integrated into the local morphodynamic context. These examples all demonstrate that,
if poorly planned, even nature-based engineering can have more negative than positive
effects on shoreline stability.

Opverall, these findings emphasise the critical importance of preserving and enhancing
the natural resilience of coastal systems. Essential actions to minimise shoreline retreat
risks and adapt effectively to future climate change scenarios include safeguarding natural
sediment sources, maintaining functional dune systems, ensuring the ecological integrity
of Posidonia oceanica meadows and carefully considering local wave exposure and sedi-
ment transport pathways. Conversely, where coastal modification is unavoidable, man-
agement strategies must be based on robust, site-specific data and an understanding of
coastal processes to avoid repeating interventions that have caused more negative impacts
than benefits.

This work demonstrates how combining detailed historical shoreline analysis with an
understanding of local morphodynamics provides a valuable basis for supporting more
adaptive and sustainable coastal management strategies, both for Sardinia and for other
microtidal Mediterranean coastal stretches facing similar challenges.
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Appendix A

Table A1. Statistical indicator values in Sector 1 (Shoreline Change Envelope—SCE; Net Shoreline
Movement—NSM; End Point Rate—EPR; Weighted Linear Regression—WLR) calculated using the
DSAS method for each beach identified along the studied coastal stretch. The table reports the mean,
minimum, and maximum values of the statistical indicators, as well as the number of transects
analysed for each beach.

Beach

D SCE NSM EPR WLR
(n° tr) Mean Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean Min. | Max.
1(21) 12.8 59115.4 -21 —5.112.3 —0.03 —0.0710.03 —0.07 —0.1410.01
2 (47) 12.6 6.3122.7 —6.0 —15.61— —0.09 —-0.231— —0.11 —0.2110.05
3(12) 31.3 27.3139.0 —8.4 —11.41— —0.12 —0.171— —0.27 —0.361—
4(11) 14.1 6.8117.2 —8.6 —1221— —0.13 —0.181 — —0.12 —0.181—
5(5) 6.2 391104 -1.2 —211- —0.02 —0.031— —-0.07 —0.101 —
6 (24) 13.8 4.0125.0 1.0 —24155 0.01 —0.0610.08 —0.05 —0.081—
7(7) 6.0 4.4110.7 2.5 -1.6110.7 0.04 —0.0210.16 —0.01 —0.0510.08
8 (10) 4.7 3.318.0 -3.3 —591— —0.05 —0.091 — —0.06 —0.101 —
9(8) 11.5 59115.2 —6.2 —8.31— —0.09 -0.121— -0.13 —0.171—
10 (2) 4.7 39155 -0.9 -1.71— —0.01 —0.021 — —0.03 —0.041 —
11 (16) 259 5.3134.1 —-5-5.2 —-12.1134 —0.08 —0.1810.05 —0.11 —0.1910.01
12 (2) 8.5 7919.0 -1.3 -1.61— —0.02 —0.021 — —0.06 —0.061 —
13 (3) 6.3 4518.0 -3.3 —491— —0.05 —0.071 — —0.07 —0.091 —
14 (1) 6.1 6.116.1 —24 —241— —0.03 —0.031 — —0.06 —0.061 —
15 (2) 4.3 3.814.7 -11 -1.11- —0.02 —0.021 — —0.03 —0.041—
16 (18) 12.6 5.0119.1 —-104 —-18.311.7 -0.15 —0.2710.02 —0.14 —0.2710.01
17 (21) 18.5 6.6128.9 2.7 —6.7116.5 0.04 —0.1010.24 —0.04 —0.0910.01
18 (4) 3.7 1.815.6 -13 —-2.01— —0.02 —0.031 — —0.01 —0.0310.02
19 (10) 7.0 19114.2 -0.9 —3.7105 —0.03 —0.2110.01 —0.04 —0.1110.03
20 (3) 11.3 9.6113.2 0.7 —11.4 0.01 —10.02 —0.02 —0.0410.01
21(2) 3.6 29143 -21 —3.0109 —0.02 —0.0410.01 —0.02 —0.041—
22 (3) 5.1 3.816.2 —6.0 —42119.2 —0.04 —0.061— —0.04 —0.061 —
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Table A2. Statistical indicator values in Sector 2 (Shoreline Change Envelope—SCE; Net Shoreline
Movement—NSM; End Point Rate—EPR; Weighted Linear Regression—WLR) calculated using the
DSAS method for each beach identified along the studied coastal stretch. The table reports the mean,
minimum, and maximum values of the statistical indicators, as well as the number of transects
analysed for each beach.

BeI:ia)ch SCE NSM EPR WLR
(n° tr.) Mean Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean Min. | Max.
23 (6) 29.2 26.0132.0 0.9 —7.8119.2 0.02 —0.1210.32 0.02 —0.1210.33
24 (65) 50.8 34.3168.0 7.3 —6.8132.0 0.11 —0.1010.47 —0.01 —0.2510.31
25 (24) 22.6 3.5134.9 59 —-0.7113.2 0.09 —0.0110.19 —0.03 —0.1310.05
26 (2) 16.8 14.5119.2 9.0 —19.9 0.13 —10.15 0.02 —10.03
27 (40) 222 7.6138.8 34 —189 0.05 —0.0610.30 —0.03 —0.0910.08
28 (15) 94 291274 -0.7 —8.718.1 —0.01 —-0.1310.12 —0.04 —0.1510.01
29 (2) 15.5 14.7116.4 41 —-1.419.6 0.07 —0.0210.16 0.18 —10.21
30 (16) 22.0 5.0138.8 —6.9 —26.215.2 —0.07 —0.3810.40 —0.10 —0.4310.35
31 (143) 20.5 251354 -1.0 —15.7114.0 —0.02 —0.6810.22 —0.04 —0.6410.26
32 (56) 13.2 5.6132.2 —4.0 —11.314.1 —0.06 —0.1710.06 —0.10 —0.3010.01
33 (16) 5.0 3.417.7 1.7 —2915.4 0.02 —0.0610.08 —0.02 —0.0810.04
34 (14) 74 4.6111.6 —6.6 —-11.61— —0.10 —-0171— —0.08 —0.111—
35(9) 11.3 8.7114.5 —8.3 —-11.61— —-0.12 —-0.171— —0.10 —0.161—
36 (28) 11.2 411174 —6.5 —1331— -0.10 —0.201— -0.09 —0.181—
37 (125) 12.0 261224 -29 —12.315.6 —0.04 —0.1810.08 —0.01 —0.1810.14
38 (59) 16.6 991264 —-9.5 —-179194 —-0.14 —0.2810.14 —0.14 —0.3510.38
39 (73) 9.5 3.3116.5 -2.0 —9.815.5 —0.03 —0.3910.08 —0.03 —0.4310.06
40 (83) 14.5 4.0145.0 3.8 —8.4128.6 0.06 —-0.1210.42 0.01 —0.1110.37
41 (83) 28.8 49168.8 —18.2 —46.2157.4 —-0.30 —1.2510.84 —0.15 —1.2211.19
Table A3. Statistical indicator values in Sector 3 (Shoreline Change Envelope—SCE; Net Shoreline
Movement—NSM; End Point Rate—EPR; Weighted Linear Regression—WLR) calculated using the
DSAS method for each beach identified along the studied coastal stretch. The table reports the mean,
minimum, and maximum values of the statistical indicators, as well as the number of transects
analysed for each beach.
Bc;ia)ch SCE NSM EPR WLR
(n° tr) Mean Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean Min. | Max.
42 (13) 27.3 19.2135.7 —13.5 —23.71— —0.20 —0.351— —0.08 —0.3410.12
43 (11) 79.6 56.0194.8 —61.3 —94.11— —0.96 —1421— —0.78 —-1.231—
44 (6) 97.1 87.91105.1 —87.8 -96.11— —1.44 —-1.561— —-1.32 —1.461—
45 (4) 64.7 53.4179.3 —58.5 —79.31— —0.87 —-1.221— —-0.70 —0.991 —
46 (68) 34.6 13.6185.1 —16.1 —84.7122.1 —0.24 —1.2410.32 —0.13 —0.7710.34
47 (8) 116.3 106.21135.4 —114.8 —13221— —1.69 —1.941— —1.45 —1.591—
48 (61) 30.0 12.7141.8 7.2 —-11.2119.0 0.10 —0.2510.28 -0.09 —0.4710.23
49 (4) 26.8 23.4131.3 44 —19.3 0.06 —10.14 0.11 —10.16
50 (34) 34.6 19.9154.0 26.5 —6.2154.0 0.39 —0.0910.79 0.35 —0.1610.88
51 (149) 41.6 19.6175.7 34 —32.8173.3 0.05 —0.4811.08 —0.02 —0.7411.27
52 (58) 48.5 29.8193.4 441 —190.8 0.65 —11.33 0.66 —11.36
53 (3) 7.1 4319.7 -3.8 —551— —0.08 —0.121— —0.06 —0.121—
54 (7) 6.2 3.317.9 -0.2 —7914.6 —0.02 —0.1810.10 0.03 —0.1810.12

55 (401) 33.1 6.8184.8 10.2 —18.3183.6 0.15 —0.2711.23 0.17 —0.4310.86
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Table A4. Statistical indicator values in Sector 4 (Shoreline Change Envelope—SCE; Net Shoreline
Movement—NSM; End Point Rate—EPR; Weighted Linear Regression—WLR) calculated using the
DSAS method for each beach identified along the studied coastal stretch. The table reports the mean,
minimum, and maximum values of the statistical indicators, as well as the number of transects
analysed for each beach.

BeI:ia)ch SCE NSM EPR WLR
(n° tr.) Mean Min. | Max. Mean Min. | Max. Mean Min. | Max. Mean Min. | Max.
56 (119) 14.0 6.7132.8 -3.2 —15.818.5 —0.05 —0.2310.12 —0.05 —0.2510.09
57 (21) 15.2 6.6144.6 —6.6 —16.5124.7 —-0.21 —0.5910.36 —0.14 —0.5610.60
58 (42) 6.8 0.7112.5 —44 —12.512.6 —0.06 —0.1810.06 —0.06 —0.2210.09
59 (18) 7.5 1.6120.0 —4.7 —13.414.3 —0.07 —0.2010.06 —0.07 —0.1910.14
60 (17) 6.5 3.0111.0 —4.7 —851— —0.07 —-0.131— —0.03 —0.0810.01
61 (6) 3.8 35143 -04 —1.610.6 —-0.01 —0.0210.01 —0.03 —0.041—
62 (19) 6.3 40111.4 3.0 —0.418.0 0.04 —0.0110.12 —0.02 —0.0910.05
63 (13) 49 2916.0 —-1.0 —4914.2 —0.01 —0.0710.06 0.01 —0.0510.05
64 (76) 41.2 24.7155.9 —28.8 —55.9119.9 —0.42 —0.8210.29 —0.12 —0.5210.22
65 (21) 31.4 21.8147.3 —28.4 —46.61 — —0.42 —0.751 — —-0.21 —0.351 —
66 (27) 19.2 10.2124.6 —16.0 —-21.01— —-0.24 —-0.311— —-0.11 —0.181 —
67 (7) 4.8 42151 -15 —-2.01— —0.02 —0.031— —0.03 —0.051—
68 (49) 33.3 19.3147.0 —25.0 —47.01 — —-0.37 —0.691 — —-0.17 —0.331 —
69 (35) 12.3 7.2120.2 —-29 —9.8134 —0.04 —0.1410.05 —0.06 —0.1910.06
70 (10) 11.0 6.5116.1 —-7.3 —14.71 — —0.11 —-0.221— —0.12 —0.161 —
71 (9) 17.7 8.7121.5 1.1 —12.2 0.02 —10.03 —-0.07 —-0.141 —
72 (39) 15.3 351257 3.3 791164 0.05 —0.1210.24 0.01 —0.0810.19
73 (11) 144 5.4121.0 -1.3 —6.113.2 —0.02 —0.0910.05 —0.13 —0.151 —
74 (55) 9.3 2.6119.9 —4.5 —12.6 —0.06 —0.2210.19 —0.08 —0.2710.03
75 (24) 23.1 2.11119.9 5.0 —33.71108.1 0.01 —0.5011.59 0.04 —0.7311.94
76 (7) 4.0 23172 -1.7 —6911.2 —0.02 —0.1010.02 —0.02 —0.0410.01
77 (13) 6.1 3419.1 14 —43134 0.02 —0.0810.05 —0.02 —0.0710.01
78 (5) 7.2 4919.6 -1.0 —2111.0 —0.02 —0.0310.01 —0.01 —0.0610.03
79 (12) 9.1 43113.8 —6.7 —13.61— —0.10 —-0.201— —0.06 —0.1310.02
Appendix B
Table A5. Main types of potential anthropogenic impacts on the studied beaches in Sector
1: (1) Impacts on dune systems; (2) Use of heavy vehicles for: removal of Posidonia oceanica
banquettes during “beach cleaning” operations; military exercises; (3) Presence of infrastructures
on the beach system: coastal engineering structures (e.g., breakwaters and more) and coastal
defence operations (beach nourishment); artificial infrastructures (e.g., tourist infrastructures
and buildings); (4) Artificial structures located landward from the beach system (e.g., dams
and more); (5) Impacts on the upper limit of Posidonia oceanica meadow. The table includes the
following indications: impact present (X), absent (A) or not defined (ND) (data from [87,88]);
impact presumed present (PP), presumed absent (PA) or not defined (ND) (from the analysis of
aerial orthophotos).
. Artificial
Transit of Infrastructures on the Beach System Impacts on
Beach Impacts on Heav - - Structures Posidonia
Dune eavy Coastal Engineering Artificial Located !
ID Vehicles on Structures/Coastal rtificia oceanica
Systems the Beach > Infrastructures  Landward from Meadow
Defence Operations the Beach
1 PA ND PA PA ND ND
2 X [87] X [87] A [87] A [87] ND A [87]
3 X [87] X [87] A [87] A [87] ND A [87]
4 PP ND PA PA ND ND
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Table A5. Cont.
. Artificial
Transit of Infrastructures on the Beach System Impacts on
Impacts on Structures . .
Beach Dune Heavy Coastal Engineering e Located Posidonia
ID Vehicles on Structures/Coastal Artificial oceanica
Systems the Beach X Infrastructures ~ Landward from Meadow
Defence Operations the Beach
5 pP ND PA PA ND ND
6 X [87] ND A [87] X [87] ND A [87]
7 PP X [88] PP PA ND ND
8 PP ND PA PA ND ND
9 PP ND PA PA ND ND
10 ND ND PA PA ND ND
11 X [87] ND A [87] X [87] ND A [87]
12 ND ND PA PA ND ND
13 ND ND PA PA ND ND
14 ND ND PA PA ND ND
15 ND ND PA PA ND ND
16 PP X [88] PA PP ND ND
17 X [87] ND A [87] X [87] ND A [87]
18 PP ND PA PA ND ND
19 ND ND PA PA ND ND
20 PP ND PA PA ND ND
21 PA ND PA PA ND ND
22 PP ND PA PA ND ND
Table A6. Main types of potential anthropogenic impacts on the studied beaches in Sector
2: (1) Impacts on dune systems; (2) Use of heavy vehicles for: removal of Posidonia oceanica
banquettes during “beach cleaning” operations; military exercises; (3) Presence of infrastructures
on the beach system: coastal engineering structures (e.g., breakwaters and more) and coastal
defence operations (beach nourishment); artificial infrastructures (e.g., tourist infrastructures
and buildings); (4) Artificial structures located landward from the beach system (e.g., dams
and more); (5) Impacts on the upper limit of Posidonia oceanica meadow. The table includes the
following indications: impact present (X), absent (A) or not defined (ND) (data from [57,87,88]);
impact presumed present (PP), presumed absent (PA) or not defined (ND) (from the analysis of
aerial orthophotos).
. Artificial
Transit of Infrastructures on the Beach System Impacts on
Beach Impacts on Heav - - Structures Posidonia
Dune eavy Coastal Engineering Artificial Located K
ID Vehicles on Structures/Coastal rtificia oceanica
Systems the Beach > Infrastructures  Landward from Meadow
Defence Operations the Beach
23 X [87] ND A [87] A [87] ND A [87]
24 X [87] ND A [87] X [87] ND A [87]
25 X [87] ND A [87] X [87] ND A [87]
26 PP ND PA PA ND ND
27 X [87] ND A [87] X [87] X [57] A [87]
28 X [87] ND A [87] X [87] ND A [87]
29 X [87] X [88] PA PA ND A [87]
30 X [87] X [88] A [87] X [87] ND A [87]
31 X [87] X [88] PA X [87] X [57] A [87]
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Table Aé6. Cont.

Transit of Infrastructures on the Beach System Artificial Impacts on
Beach Impacts on Heav - - Structures Posidonia
Dune eavy Coastal Engineering Artificial Located .
ID Vehicles on Structures/Coastal ruficia oceanica
Systems the Beach ; Infrastructures ~ Landward from Meadow
Defence Operations the Beach
32 ND [87] X [88] A [87] X [87] ND A [87]
33 PP ND PA PA ND ND
34 PP ND PA PA ND ND
35 PP ND PA PA ND ND
36 PP ND PA PA ND ND
37 X [87] X [88] A [87] X [87] X [57] ND [87]
38 X [87] ND PP X [87] ND ND [87]
39 X [87] X [88] A [87] X [87] ND A [87]
40 X [87] ND PP X [87] X [57] ND [87]
41 X [87] X [88] X [87] X [87] ND A [87]
Table A7. Main types of potential anthropogenic impacts on the studied beaches in Sector
3: (1) Impacts on dune systems; (2) Use of heavy vehicles for: removal of Posidonia oceanica
banquettes during “beach cleaning” operations; military exercises; (3) Presence of infrastructures
on the beach system: coastal engineering structures (e.g., breakwaters and more) and coastal
defence operations (beach nourishment); artificial infrastructures (e.g., tourist infrastructures
and buildings); (4) Artificial structures located landward from the beach system (e.g., dams
and more); (5) Impacts on the upper limit of Posidonia oceanica meadow. The table includes the
following indications: impact present (X), absent (A) or not defined (ND) (data from [57,60,84,
87,88]); impact presumed present (PP), presumed absent (PA) or not defined (ND) (from the
analysis of aerial orthophotos).
. Artificial
Transit of Infrastructures on the Beach System Impacts on
Beach Impacts on Heav ; ; Structures Posidonia
Dune eavy Coastal Engineering Artificial Located :
1D Vehicles on Structures/Coastal rutcia oceanica
Systems the Beach > Infrastructures  Landward from Meadow
Defence Operations the Beach
42 X [87] ND X [87] X [87] X [57] X [84,87]
43 X [87] ND X [87] X [87] ND X [84,87]
44 X [87] ND X [87] X [87] ND X [84,87]
45 X [87] ND X [87] X [87] ND X [84,87]
46 X [87] X [88] X [87] X [87] ND X [84,87]
47 X [87] X [88] X [87] X [87] ND X [84,87]
57 X [87] ND X [87] X [87] X [57] X [84,87]
49 X [87] ND X [87] X [87] ND X [84,87]
50 X [87] ND X [87] X [87] X [57] X [84,87]
51 X [87] ND X [87] X [87] X [57] X [84,87]
52 X [87] ND X [87] X [87] ND X [84,87]
53 PP ND PP PP ND ND
54 ND [87] ND A [87] X [87] ND A [87]

55 X [87] X [60,88] X [87] X [87] X [57] X [84,87]
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Table A8. Main types of potential anthropogenic impacts on the studied beaches in Sector 4: (1) Impacts
on dune systems; (2) Use of heavy vehicles for: removal of Posidonia oceanica banquettes during “beach
cleaning” operations; military exercises; (3) Presence of infrastructures on the beach system: coastal
engineering structures (e.g., breakwaters and more) and coastal defence operations (beach nourishment);
artificial infrastructures (e.g., tourist infrastructures and buildings); (4) Artificial structures located
landward from the beach system (e.g., dams and more); (5) Impacts on the upper limit of Posidonia
oceanica meadow. The table includes the following indications: impact present (X), absent (A) or not
defined (ND) (data from [57,87,88]); impact presumed present (PP), presumed absent (PA) or not defined

(ND) (from the analysis of aerial orthophotos).

Transit of Infrastructures on the Beach System Artificial Impacts on
Beach Impacts on Heav - - Structures Posidonia
Dune eavy Coastal Engineering Artificial Located :
ID Vehicles on Structures/Coastal rtificia oceanica
Systems the Beach > Infrastructures  Landward from Meadow
Defence Operations the Beach
56 PP ND PP PP X[57] ND
57 PP ND PP PP ND ND
58 ND ND PA PP X [57] ND
59 ND ND PP PP ND ND
60 PP ND PA PP ND ND
61 X [87] ND A [87] PA ND A [87]
62 X [87] ND A [87] X [87] ND A [87]
63 X [87] ND A [87] X [87] ND A [87]
64 X [87] X [88] A [87] X [87] ND A [87]
65 X [87] X [88] A [87] X[87] ND ND [87]
66 X [87] ND A [87] X [87] ND A [87]
67 ND ND PA PA ND ND
68 X [87] ND A [87] X [87] ND A [87]
69 X [87] ND A [87] X [87] ND A [87]
70 X [87] X [88] A [87] X[87] ND ND [87]
71 PP ND PA PA ND ND
72 X [87] ND A [87] X [87] ND X [87]
73 PA ND PA PP ND ND
74 X [87] X [88] A [87] X [87] ND ND [87]
75 X [87] ND X [87] X [87] ND ND [87]
76 PP ND PP PA ND ND
77 PP ND PA PP ND ND
78 PP ND PA PP ND ND
79 PP ND PA PP ND ND
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