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Abstract: Urban Mediterranean beaches are often characterized by a fragile and unstable equilibrium
that can be easily altered by ongoing climate change and by the increase in human pressure. This may
pose serious threats to the survival of beach systems that cannot accommodate these modifications.
In this paper, the spatio-temporal shift of the shoreline was investigated along two urban beaches
in the Gulf of Cagliari (Poetto and Giorgino; southern Sardinia, western Mediterranean Sea) across
a time frame of 62 years (1954–2016). The Digital Shoreline Analysis System (DSAS) ArcGIS™
extension was used to extract different statistical parameters which allowed us to quantify the erosion
and accretion rates. These data were further examined in relation to a number of anthropic and
natural forcings in order to disentangle the factors controlling shoreline evolution. Eight sectors
with interchanging net erosive and accretion trends were identified along the Poetto and Giorgino
beaches. In six decades, some sectors of the two study sites appeared to have undergone great
shoreline modification as a result of the intense anthropogenic activities impacting these coastal
areas. The westernmost portions of both beaches were found to be the most vulnerable to erosion
processes; such conditions were likely controlled by the interplaying of local hydrodynamics and
by the intense coastal structures which affected these sectors. The highest retreat rates (mean end
point rate (EPR) = −0.51/year) were recorded in the western limit of Giorgino beach. Along the
western limit of Poetto beach, EPR erosion rates (mean EPR = −2.92/year) considerably increased in
the years after the artificial beach nourishment carried out in 2002, suggesting that the majority of
the nourished material was lost offshore or partly redistributed along the beach. Coastal structures,
urban development, river catchment modification, industrial and port activities, beach cleaning and
touristic and recreational activities have been identified as the ongoing causes of coastal alteration.
If these factors remain constant, under projected climate change scenarios, these beaches are at risk
of further increased flooding and erosion. In this context, the application of DSAS appeared as
an essential tool, supporting a monitoring system able to provide understanding and, potentially,
predictions of the short- to long-term evolution of these beach systems.

Keywords: shoreline change; beach management; coastal erosion; seagrass meadow; Gulf of Cagliari;
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1. Introduction

Urban beaches are dynamic environments characterized by the complex interactions of bio-physical,
human and socio-economic forces [1,2]. These coastal areas provide key economic functions and
ecological services. They also represent protection from storms and flooding and act as barriers to
physical forcing [3]. These vulnerable ecosystems need to be adequately managed and protected and it is
therefore essential to understand erosion hazards and causes [4,5]. Such principles of management and
protection are also embedded in the United Nations Sustainable Development Goals (SDGs) 2030 [6].
In particular, for coastal–marine ecosystems, SDG14 aims at the conservation and sustainable use of
the oceans, seas and marine resources; SDG15 calls for the conservation, restoration and sustainable
use of terrestrial ecosystems and their services, including coastal dune systems, and also promotes the
integration of ecosystem and biodiversity values into national and local planning; SDG13 promotes
urgent action to combat climate change and its impacts, by strengthening resilience and adaptive
capacity to climate-related disasters (erosion, flooding, storm surges and sea level rise).

Nowadays, most sandy beaches worldwide show a tendency of progressive shoreline retreats or
advances for years or even decades [7]. Rivers, coastal currents and waves move sediments inside,
outside and within the nearshore zones, causing loss or gain of material from or to the system [8].
Changes resulting in a negative sediment budget can be caused by natural factors, however, in the
majority of cases, these are triggered or affected by anthropogenic stressors, such as: (1) the construction
of dams on rivers and changes in land use; (2) the building of man-made coastal structures interfering
with sediment transport; (3) harbor siltation and maintenance dredging; and 4) recreational use of
littoral zones and beach cleaning operations [9–11]. Morphological evolution tends to accelerate under
extreme events, such as severe storms that drive intense erosion and lead to irreversible changes [12].
The magnitude of these changes depends on a variety of local hydrodynamic factors (e.g., number and
intensity of storms, wave and tidal conditions) and on other controlling factors, such as the beach
morphology type [13,14], the mean sediment size and the geological setting [11,15,16]. In natural
pristine beaches, the impact of storms is less severe than in highly urbanized beaches because they are
less impacted by human-induced degradation and, therefore, present a greater recovery ability and
resilience [17–19]. In urban beaches, morphological alterations and modifications are exacerbated by
anthropogenic activities that intensify and accelerate the deterioration of the coastal environment [20].
In addition, relative sea level rise due to climate changes further aggravates these impacts, contributing
to more frequent flooding and increased coastal erosion [21,22].

In the nearshore zone, a wide range of ecological roles are played by seagrasses [23,24]. In the
Mediterranean, the endemic Posidonia oceanica meadows play a fundamental role in beach stability
through the supplying of biogenic sediments [25–27], in protecting the coastline from erosion by
acting as a buffer to wave energy and in increasing sediment retention and reducing sediment
resuspension [28–31]. The presence of seagrass necromass (leaves and rhizomes mixed with sand,
also called banquette or beach-cast litter) contributes to the protection of the shore from the erosion
exerted by swell and waves during winter storms [32–34] and can also influence wave run-up by
shifting these processes offshore and modifying the swash energy [35,36]. The removal of these deposits
through mechanical cleaning can have a negative impact on shore stability, as it causes a considerable
loss of sediments from the beach, ultimately resulting in changes in beach morphology, flattening of
the beach profile and obliteration of sedimentary features (e.g., sediment berms, cusps, embayments,
beach-face steps) [18,37,38]. Thereby, the removal of beach-cast litter deposits, extensively practiced as
part of beach management [34,39] in Mediterranean coastal areas, might make these systems more
vulnerable to erosional processes [40].

As a consequence of beach erosion, the risk of rising water levels and related flooding hazard
arises [41] along with the negative socio-economic implications derived from the threats posed to coastal
infrastructures and residential areas. Because of the future climate change scenarios, and the expected
rise in rates of urbanization, costal erosion is also expected to increase [42]. Quantitative knowledge of
long-term shoreline changes can provide important information on trends and rates of coastal evolution
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and give the coastal planner an essential tool for designing adequate future coastal management and
adaptation strategies. Shoreline position and geometry are generally extracted from remote sensing
and aerial images, while rates of shoreline changes are calculated and described through different
statistical methods [43]. With such premises, this study aims at providing an improved understanding
of the past and present patterns of shoreline changes to support best management practices in a context
of future of climate change scenarios. The specific objectives were to: (i) quantify net movement and
rates of retreat and accretion along the beach systems of the Gulf of Cagliari that occurred during the
last 62 years, (ii) assess the main anthropogenic and natural factors driving retreat/accretion patterns,
(iii) evaluate the role played by P. oceanica meadows in coastal sediment dynamics.

2. Study Area

2.1. Geological Settings

The Poetto and Giorgino beaches are two microtidal, wave-dominated beach systems situated in
the Gulf of Cagliari (southern Sardinia, western Mediterranean; Figure 1), which lies at the southern
edges of the Sardinian Oligo-Miocene Rift System and includes the Campidano Graben and the two
horsts of Sulcis and Sarrabus [44,45] (Figure 1). The continental shelf in the Cagliari basin is fed by
fluvial terrigenous material derived from the alteration of the Palaeozoic metamorphic basement and
from Tertiary sedimentary and volcanic rocks. The deeper portions of the continental shelf show a
bioclastic component (30–70%; 2000 ÷ 500 µm) which appears higher along the mid-shelf Posidonia bank
and its foreslope [46]. Over the continental shelf, relict submerged shorelines and coastal depositional
systems, such as sandstone–conglomerate beach rocks, were left behind during the passage of the
Versilian transgression [9,47]. Additionally, the inner sector of the Cagliari basin is characterized by
the presence of two incisions (on the east and west of Cape S. Elia), which were recognized as possible
paleo-valleys formed during the Würmian low stand [48,49].
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The beach systems of Giorgino and Poetto formed approximately seven to five thousand years
ago, when post glacial sea level rise significantly decelerated [34], allowing the formations of the
barrier system that evolved into the current sandy coastline with its lagoon systems behind [50].
The two Pleistocene–Holocene beaches are presently separated by Cape S. Elia (Figure 2), a calcareous
promontory of Miocene age [38]. The western coastal plain hosts the Santa Gilla lagoonal system,
while the eastern plain is occupied by the Molentargius Pond system. Presently, the main siliciclastic
sediment inputs come from the Santa Gilla lagoon, which prevalently feeds the western part of the
Gulf, whereas the eastern parts are mainly supplied by the erosion of the carbonatic and siliciclastic
rocks of the Cape S. Elia promontory and by the authigenic bioclastic sediment produced by the
Posidonia oceanica meadows [38].

Water 2020, 12, x FOR PEER REVIEW 4 of 27 

Figure 1. Geological sketch of southern Sardinia [9]. 

The beach systems of Giorgino and Poetto formed approximately seven to five thousand years 
ago, when post glacial sea level rise significantly decelerated [34], allowing the formations of the 
barrier system that evolved into the current sandy coastline with its lagoon systems behind [50]. The 
two Pleistocene–Holocene beaches are presently separated by Cape S. Elia (Figure 2), a calcareous 
promontory of Miocene age [38]. The western coastal plain hosts the Santa Gilla lagoonal system, 
while the eastern plain is occupied by the Molentargius Pond system. Presently, the main siliciclastic 
sediment inputs come from the Santa Gilla lagoon, which prevalently feeds the western part of the 
Gulf, whereas the eastern parts are mainly supplied by the erosion of the carbonatic and siliciclastic 
rocks of the Cape S. Elia promontory and by the authigenic bioclastic sediment produced by the 
Posidonia oceanica meadows [38]. 

 
Figure 2. Geographical settings of the study area (Gulf of Cagliari, western Mediterranean Sea) with: 
(A) wave exposure angles (referred to the N = 0°) and fetch for Poetto (yellow lines) and Giorgino (red 
lines) beaches. (B) Wind speed and direction from the Cagliari station of the national tidal monitoring 
network (location: orange star; period 2010–2015). (C) Significant wave height and direction at the 
National Oceanic and Atmospheric Administration (NOAA) hindcast dataset point (location: green 
star; period 1979–2009). Image obtained from Porta et al. [38]. 

According to previous studies [3,9,51], the surface sediments of the Poetto beach are mainly 
composed of poorly sorted medium to coarse sand. The backshore and the beachface are prevalently 
made up of mixed siliciclastic–bioclastic sand (75%) with 20.5% bioclasts. The backshore and 
shoreface in the western side of the beach are characterized by a relatively higher fraction of bioclastic 
material derived from the introduction of borrowed sediment. The Giorgino beach is predominantly 
made of moderately to poorly sorted fine siliciclastic sand (93.6%) with 10.2% bioclasts. Detailed 
cartographic information about the spatial distribution of sediments in the Poetto and Giorgino beach 
systems is presented in De Muro et al. [3,9]. 

Figure 2. Geographical settings of the study area (Gulf of Cagliari, western Mediterranean Sea) with:
(A) wave exposure angles (referred to the N = 0◦) and fetch for Poetto (yellow lines) and Giorgino
(red lines) beaches. (B) Wind speed and direction from the Cagliari station of the national tidal
monitoring network (location: orange star; period 2010–2015). (C) Significant wave height and direction
at the National Oceanic and Atmospheric Administration (NOAA) hindcast dataset point (location:
green star; period 1979–2009). Image obtained from Porta et al. [38].

According to previous studies [3,9,51], the surface sediments of the Poetto beach are mainly
composed of poorly sorted medium to coarse sand. The backshore and the beachface are prevalently
made up of mixed siliciclastic–bioclastic sand (75%) with 20.5% bioclasts. The backshore and shoreface
in the western side of the beach are characterized by a relatively higher fraction of bioclastic material
derived from the introduction of borrowed sediment. The Giorgino beach is predominantly made of
moderately to poorly sorted fine siliciclastic sand (93.6%) with 10.2% bioclasts. Detailed cartographic
information about the spatial distribution of sediments in the Poetto and Giorgino beach systems is
presented in De Muro et al. [3,9].

Before the development of the city of Cagliari, which started in the beginning of twentieth century,
the Poetto and Giorgino beaches were connected through wetlands which allowed a continuous
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aeolian, cross- and along-shore sediment transport. This connection was interrupted around the 1930s,
after land reclamation driven by urban development wiped out the entire wetland area located behind
the promontory of Cape S. Elia [52]. Furthermore, longshore transports were also altered by the
construction of the port of Cagliari in the 1950s [9,38]. Finally, the building of roads and residences on
the foredune of the Poetto and Giorgino beaches interrupted the cross-shore transport of sediments
between wetlands and nearshore zones.

2.2. Anthropic Pressures and Impacts

The Poetto beach develops in front of the metropolitan city of Cagliari. The relatively natural
state of its 8 km length of sandy shore, when compared to the neighboring urban beach of Giorgino,
makes it one of the most frequented beaches of the entire island of Sardinia [3]. The Poetto beach
has been long affected by anthropogenic pressures such as urbanization, coastal structures, intensive
recreational and touristic activities. In particular, during the last century, the alongshore building of a
yacht marina (Figure 3) and of other recreational infrastructure (such as a piers and several kiosks)
caused significant modification of longshore and aeolian transports [9,38]. Furthermore, the roads and
extra parking spaces constructed in recent years, in order to accommodate the vast numbers of tourists
visiting the beach each year, caused the complete erosion and fragmentation of the beach foredune
habitats [3,38,53,54].Water 2020, 12, x FOR PEER REVIEW 6 of 27 
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Figure 3. Satellite aerial image acquired over the Gulf of Cagliari showing the main transitional/fresh
water bodies, the main coastal developments along the coastlines of Giorgino and Poetto and the
distribution of the P. oceanica meadows obtained from [3,9] (Google Earth V 7.3.3.7786; data acquired on
the 10/08/2019; data: System Integration Office (SIO), National Oceanic and Atmospheric Administration
(NOAA), United States Navy, National Geospatial-Intelligence Agency (NGA), General Bathymetric
Chart of the Oceans (GEBCO)).

To counteract erosion, prevent flooding and promote tourism, an artificial beach nourishment
(about 300,000 m3 of sand) was carried out in 2002 [55]. Besides having had little efficiency in mitigating
erosion, as the majority of the replenished material was rapidly eroded during the years following
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beach nourishment, the coarser and bioclastic sediments used for replenishment considerably modified
the textural, compositional and morphological features of the backshore and shoreface [3,56].

Current practices of seasonal beach cleaning operations, performed with heavy mechanical
means, presently cause further negative impacts on the backshore by compacting the sediment and
depriving the beach of its natural protection (represented by seagrass berms) against wave energy
and wave run-up; furthermore, extensive boating activities have caused damage to the meadows of
P. oceanica [3,54] over the shelf areas.

Giorgino is a 11 km long embayed beach found on the western side of the Gulf of Cagliari. It is
a complex system characterized by the inland presence of large wetlands and some minor fluvial
systems (Figure 3). Giorgino is a heavily urbanized beach, and residential developments and the
presence of ports and industrial activities have greatly altered the coastal morphology and dynamics.
The growth of the residential urban area of Frutti D’Oro, in the south-western part of the bay, is thought
to have caused modification of the local fluvial catchments (Rio San Gerolamo and Rio Santa Lucia;
Figure 3) with a consequential reduction of terrigenous sediment inputs to the beach [9]. Moreover,
the Giorgino coastline hosts the Port of Cagliari, built in the 1930s, and the Canal Harbor (Porto Canale;
Figure 3) established in the 1970s to offer berths for cargos and ships; port construction and associated
activities have greatly modified the shoreline geometry and longshore sediment transports [3,38,57].
Additionally, the largest oil refinery in Europe and other minor industries are found at the western
limits of the Giorgino coastline.

Other man-made features at this site include a dry dock (Pontile Syndial, ex Rumianca),
several groynes (Figure 3) constructed in 2014 to counteract beach erosion and a road (SS195) which
runs parallel to almost the entire length of the shoreline and which limits the landward development
of the beach. In addition, the seabed in front of the Giorgino beach was dredged in the 1930s to mine
the sediments that were used for the reclamation of the wetland area located behind the promontory
of Cape S. Elia, in the south-east of the city of Cagliari [52]. In general, the building of coastal
infrastructures, the wharf, dredging and navigation activities (loading, unloading and anchorage),
roads and discharges of municipal untreated sewage and industrial wastes are considered to be the
main causes of pollution, turbidity, coastal erosion, modification of drift currents and fragmentation
of seagrass meadows in the coastal area of Giorgino [9]. With regard to seagrass communities,
the mixed P. oceanica, Caulerpa prolifera and Cymodocea nodosa meadows indeed appear discontinuous,
with numerous erosive intermates at depths between −4 and −20 m [9].

2.3. Geographical Settings, Wave Climate and Hydrodynamics

The dominant geographical fetch at Poetto beach is between 120◦ and 145◦, while the possible
directions for approaching storms range from 117◦ to 202◦. The main geographical fetch at Giorgino
beach is between 118.5◦ and 141.5◦, with directions of approaching storms ranging from 102◦ to 174◦

(Figure 2) [3,9].
Geomorphological maps of the Poetto and Giorgino beaches [3,9] reported and described in detail

the morphological profiles of the backshore and shoreface of these two coastal areas. The bathymetric
profiles of the Poetto beach reveal a complex system of submerged sand bars with alternating troughs
located about 250–300 m from the shoreline. Further offshore, the sea-bottom slopes down to −10 m
(~1 km distance from the shoreline) [3]. At Giorgino beach, the shoreface gently slopes down to the
−8 m isobath in the central sector and to the −4 m isobath in the easternmost and westernmost sides,
and shows a system of submerged bars 50-250 m from the shoreline [9].

The average tidal range is less than 20 cm, but this can reach a maximum of about 40 cm at
spring tides [54]. The study area is naturally protected by Cape Carbonara to the east and by Cape
Spartivento to the west [9,35,54], consequently, the winds that give rise to the main wave events come
from southern directions: SE (40% of the occurrence), SW (20%) and SSE (10%) [9]. This results in
a prevailing west to east net longshore transport; this is interrupted alongshore by the presence of
promontories and rocky outcrops, and offshore by the presence of Posidonia meadows.
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Numerical simulations conducted with Delft3D software [3,9] evaluated the distribution of
coastal currents induced by major winter storms both at the Poetto and Giorgino beaches (Figure 4).
These analyses showed that during the SE events, opposite longshore currents develop along the
Poetto beach. The convergence of these currents produces a main rip current that flows offshore for
about 400 m and is located about 1 km eastward from the western limit of the beach [3]. At Giorgino,
a northwards longshore current flows along the entire coastline, while a rip current develops in the
NE sector of the beach, close to the pier of the canal harbor. These analyses have also shown that SW
winds produce several active cells along the Poetto shoreface that generate longshore currents running
from SW to NE and rip currents flowing offshore from the central and eastern sectors [3]. At the same
time, along the Giorgino beach, SW winds produce a weak NE-oriented longshore current that feeds a
weak rip current flowing along the embankments of the lagoon mouth located in the eastern part of
the beach [9].Water 2020, 12, x FOR PEER REVIEW 8 of 27 
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Moreover, images captured by a video camera monitoring system showed that the whole study
area is subject to important wave run-up and flooding phenomena [58]. In fact, under severe storms,
waves are likely to overwash the beach berm and flood the entire emerged beach up to the dune system.
A recent technical report [58], produced as part of the NEPTUNE 2 project, presented this evidence;
through the analysis of data from the video camera system combined with numerical wave modeling,
it was assessed that winter storms, with an incident significant wave height above 2 m, are likely to
cause severe beach flooding at the Poetto beach.

3. Materials and Methods

In this study, the statistical measurements of historical shoreline changes were carried out
using the ArcGIS™ extension Digital Shoreline Analysis System (DSAS) [59], which was proved to
be an easy-to-use and reliable tool for quantifying shoreline rates of erosion/accretion by several
studies [10,60–63]. Spatio-temporal displacements of the shoreline position were evaluated and
quantified along the two urban beaches of Poetto and Giorgino across a time frame of over 60 years.

The two beaches have been extensively studied through the Beach Environment, management
And Coastal Hazard (BEACH), Natural Erosion Prevision Through Use of Numerical Environment
(NEPTUNE) and NEPTUNE 2 projects [3,9,38,54,64], carried out since 2013 by the Coastal and Marine
Geomorphology Group (CMGG) of the University of Cagliari which, during recent years, has been
actively engaged in the implementation of the Agenda 2030 goals for sustainable development.

3.1. Dataset

Orthorectified photographs were analyzed in order to investigate the shoreline evolution along
the Gulf of Cagliari between 1954 and 2016 (Table 1). Images were obtained in GeoTIFF format
from the national open access website Sardegna Geoportale (www.sardegnageoportale.it) and used to
manually digitalize the historical shoreline positions. In order to obtain reliable shoreline position
estimates, all orthophotos were corrected for positional errors and discrepancies using the most recent
photo mosaic as a reference. The georeferencing was performed in ArcMap using a polynomial
transformation and triangulated irregular network (TIN) interpolation technique.

Table 1. Uncertainty associated with sampling errors and natural variability (units in meters).

Image Year σr σd σp σwr σtd σT

1954 1.03 1.55 0.7 0.3 0.71 2.13
1968 1.20 1.35 0.7 0.3 0.71 2.08
1977 0.22 1.43 0.7 0.3 0.71 1.78
1998 1.07 0.87 0.7 0.3 0.71 1.73
2003 0.17 1.57 0.7 0.3 0.71 1.89
2006 0.46 2.43 0.7 0.3 0.71 2.68
2010 0.78 0.83 0.7 0.3 0.71 1.54
2013 0.84 1.79 0.7 0.3 0.71 2.23
2016 0.00 0.59 0.7 0.3 0.71 1.20

The two studied beach systems were sampled separately and divided into four sub-sectors
each in order to ease interpretation and discussion of the results (Figures 5–7). The length of each
sub-sector was determined by looking at the general trends of shoreline change rates following DSAS
computations. For the Giorgino beach system, statistical rates were calculated considering the total
dataset time-frame (1954−2016); whereas, for the Poetto beach, in order to differentiate between
long-term shoreline changes occurring prior to and after the artificial sand nourishment carried out in
2002 in the western sectors of the beach, images were grouped into two time-series datasets: the first
set included the aerial photographs acquired between 1954 and 1998 and the second dataset comprised
the images acquired post beach nourishment, between 2003 and 2016.

www.sardegnageoportale.it
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Figure 5. Maps (above) showing the spatial distribution of shoreline change envelope (SCE) and net 
shoreline movement (NSM) along the Poetto beach for pre-nourishment (1954–1998) (left) and post-
nourishment (2003–2016) (right) years, superimposed with the limits of the four discriminated sectors 
(P1–P4); SCE and NSM trends (below) plotted against distance (west to east), with the x-axis showing 
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values indicate areas of shoreline retreat. 

Figure 5. Maps (above) showing the spatial distribution of shoreline change envelope (SCE) and
net shoreline movement (NSM) along the Poetto beach for pre-nourishment (1954–1998) (left) and
post-nourishment (2003–2016) (right) years, superimposed with the limits of the four discriminated
sectors (P1–P4); SCE and NSM trends (below) plotted against distance (west to east), with the
x-axis showing the limits of the P1−P4 sectors. Positive values of NSM indicate areas of accretion,
whilst negative values indicate areas of shoreline retreat.
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post-nourishment (2003–2016) (right) years, superimposed with the limits of the four discriminated
sectors (P1–P4); EPR and LRR trends (below) plotted against distance (west to east), with the x-axis
showing the limits of the P1−P4 sectors. Positive values of indicate areas of accretion, whilst negative
values indicate areas of shoreline retreat.
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Figure 7. Maps showing the spatial distribution of shoreline change envelope (SCE) (a), end point rate
(EPR) (b) and net shoreline movement (NSM) (c) along the Giorgino beach for the years 1954–2016,
superimposed with the limits of the four discriminated sectors (G1–G4); SCE, NSM, EPR and LRR
trends (d) plotted against distance (west to east), with the x-axis showing the limits of the G1–G4
sectors. Positive values of NSM and EPR indicate areas of accretion, whilst negative values indicate
areas of shoreline retreat.

The position of the shoreline was determined at the instantaneous water line [65,66]; this shoreline
indicator was chosen because the quality and temporal heterogeneity of some of the earliest photo
mosaics would not allow the recognition of other types of shoreline proxies conventionally considered
to be more stable [67,68].

3.2. Uncertainty Estimation

Measurements of shoreline positions are subject to positional uncertainties associated with natural
influences over the shoreline position (wind, waves and tides) and sampling uncertainties (digitization,
image positioning system errors) [59] that need to be accounted for in order to compute statistically
reliable results. For each shoreline, the total error (σT) was given by the modified formula (1) presented
in Virdis et al. [63]:

σT =
√
σ2

d + σ2
p + σ

2
r + σ

2
wr + σ2

td (1)

where σd represents the digitalization error and it is given by the standard deviation of the differences
between repeated shoreline digitalization measurements; σp is the pixel error or simply the measure of
the image pixel size; σr is the orthorectification error obtained by computing the root mean square error
(RMSE) between points on the image and the relative ground control points (GCPs) and finally, the tide
error σtd and the run-up error σwr, which represent shoreline positioning errors due to tide variations
and wave run-up, were respectively calculated using the equations presented in Allan et al. [69] and
Hunt [70]. The total errors computed for each aerial image are listed in Table 1.

3.3. DSAS Computations

Rates of erosion/accretion were computed using the DSAS toolbox, an extension within the
Environmental System Research Institute (ESRI) ArcGIS© software. DSAS works by calculating
shoreline rates of change from measured differences between shoreline positions through time and
along transects aligned orthogonally to a user-created baseline [59]. Baselines were created by
buffering an area around all shoreline positions and then converting the resulting polygon into a
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polyline. Two baselines were created for the Poetto beach considering the pre-nourishment and
post-nourishment datasets.

The assessment of historical shoreline changes is done by examining different statistical parameters
such as the end point rate (EPR), the linear regression rate (LRR), the shoreline change envelope (SCE)
and the net shoreline movement (NSM). The first two parameters represent the speed of accretion and
erosion in meters per year. The EPR is obtained by dividing the distance (m) between two shorelines
by the time spanning between the earliest and the latest shoreline [59,71], the LRR is determined
by fitting a least squares regression line to all shoreline points and, therefore, represents a modeled
forecast of the shoreline rates of change. The SCE and NSM are expressed in meters, as they are a
measure of a distance and not a rate; the first parameter represents the greatest distance among all the
shorelines that intersect a given transect and it returns only positive values; the latter parameter is
the net distance between the latest and oldest measured shoreline positions and can show positive
(accretion) or negative values (erosion) [59].

4. Results

In order to differentiate shoreline evolution under natural sediment supply conditions from
artificially nourished settings, aerial photos acquired from 1954 to 1998 and from 2003 to 2016,
over the Poetto beach, were analyzed separately; whereas, for Giorgino beach, analyses were carried
out considering the whole temporal dataset. Four sectors were distinguished in each of the two
beach systems; these were numbered from P1 to P4 in an easterly direction along the Poetto beach
(Figures 5 and 6) and from G1 to G4 in a north-easterly direction along the Giorgino beach (Figure 7).
Results were averaged for all transects within each sector and are reported in Table 2.

Table 2. Summary of the results showing the calculated mean, min and max values for all of the
statistical parameters.

Poetto Pre-Nourishment (1954–1998)
SCE (m) NSM (m) EPR (m/y) LRR (m/y)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
P1 9.98 3.68 20.25 −7.63 −20.25 −1.65 −0.17 −0.46 −0.04 −0.19 −0.45 −0.07
P2 10.56 3.71 16.27 3.21 −6.94 14.94 0.07 −0.16 0.34 0.05 −0.12 0.28
P3 6.71 1.23 11.06 −3.23 −10.98 8.18 −0.07 −0.25 0.19 −0.07 −0.24 0.20
P4 41.77 3.33 77.60 39.52 −7.69 77.60 0.90 −0.17 1.76 0.89 −0.16 1.68

Poetto Post-Nourishment (2003–2016)
SCE (m) NSM (m) EPR (m/y) LRR (m/y)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
P1 38.15 11.05 55.39 −38.02 −55.39 −9.33 −2.92 −4.26 −0.72 −2.69 −3.76 −0.89
P2 10.47 1.99 24.62 5.21 −10.04 17.75 0.40 −0.77 1.37 0.35 −0.92 1.28
P3 5.65 1.03 11.63 −3.03 −6.86 5.16 −0.23 −0.53 0.40 −0.31 −0.61 0.29
P4 7.74 2.00 17.56 3.68 −3.40 13.08 0.28 −0.26 1.01 0.18 −0.50 0.95

Giorgino (1954–2016)
SCE (m) NSM (m) EPR (m/y) LRR (m/y)

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
G1 44.12 10.02 111.27 −31.46 −110.75 20.77 −0.51 −1.79 0.34 −0.47 −1.76 0.44
G2 30.00 9.43 48.05 12.26 −9.31 43.07 0.20 −0.15 0.69 0.20 −0.33 0.80
G3 40.63 13.17 57.56 −20.03 −28.63 −0.21 −0.32 −0.46 0.00 −0.50 −0.61 −0.05
G4 38.96 13.24 72.85 32.66 0.65 65.28 0.53 0.01 1.05 0.47 −0.04 1.14

4.1. Shoreline Analysis of the Poetto Beach before Beach Nourishment (1954–1998)

The largest shoreline variability is observed in the easternmost side of the Poetto beach, in sector
P4 (max SCE = 77.60, mean SCE = 41.77; Table 2, Figure 5) where a significant accretion of the beach
was observed. Depositional processes dominate in this sector, as demonstrated by an average seaward
accretion of 39.52 m from 1954 (NSM, Figure 5; Table 2) and a mean progradation rate of 0.90 m/y (EPR).
In contrast, a general erosive trend is observed along all the other sectors. The largest shoreline retreat
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is registered in sector P1, in the westernmost side of the beach, where maximum and mean NSM values
were of −20.25 m and −7.63, respectively (Figures 5 and 8). Large shoreline variability is also observed
in sector P2 (mean SCE = 10.56 m, mean NSM = 3.21 m, mean EPR = 0.07 m/y), whereas sector P3 can
be considered the most stable area of the beach (Figures 5 and 6; Table 2).
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4.2. Shoreline Analysis of the Poetto Beach after Beach Nourishment (2003–2016)

Values for NSM, EPR and LRR revealed that the Poetto beach experienced a noticeable net shoreline
retreat during the 13 years following beach nourishment (Figures 5 and 6). The different magnitudes of
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shoreline change observed in the years pre- and post-nourishment should reflect the different temporal
scales examined. However, despite recording large differences in values, the erosion–deposition
dynamics showed similar patterns to those observed before beach nourishment, with the western side
of the Poetto beach undergoing erosion and the eastern side showing accretion. During the years
2003–2016, the largest shoreline variability is recorded in the westernmost side of the Poetto beach,
sector P1, where a mean SCE of −38.15 and a max SCE of −55.39 are recorded (Table 2; Figure 5).
The largest erosion rates are also recorded in this last sector, with a mean and maximum EPR of
−2.92 m/y and −4.26 m/y, respectively (Table 2; Figure 6). Mean accretion rates of 0.28 m/y (EPR) and
0.18 m/y (LRR) are observed in Sector P4. The SCE and NSM demonstrated considerable reduced
accretion values when compared to those observed during the years 1954–1998, with mean SCE of
7.74 m and mean NSM of 3.68 m (Table 2). The erosion–deposition patterns observed after beach
nourishment in the central sectors of the Poetto beach, sectors P2 and P3, show similar deposition and
erosion rates to those observed during the 44 years prior to beach nourishment. Sector P2 experienced
a small increase in the beach area, with an average accretion seaward of over 5 m (mean SCE = 10.47 m
and mean NSM = 5.21 m; Table 2). On average, along this sector, the shoreline advanced with
a measured rate of 0.40 m/y (EPR) and modeled rate of 0.35 m/y (LRR). A mean shoreline retreat
(NSM = −3.03 m) was also observed in sector P3, with an average EPR of −0.23 m/y and an average
LRR of −0.31 m/y (Table 2).

4.3. Shoreline Analysis of the Giorgino Beach (1954–2016)

Overall, the Giorgino beach experienced a larger shoreline variability SCE than that observed
along the Poetto beach. Erosional and accretional trends appear to have occurred in “block-like” trends.
In particular, areas with shoreline variability as high as 80–110 m (SCE) were recorded within sector G1;
the transects displaying the highest negative values were located in the proximity of the small urban
area of Frutti D’Oro, in a coastal sector occupied by protection groynes (Figures 7 and 9a). In this sector,
the NSM showed an average retreat of −31.46 m, and mean rates of change of −0.51 m/y (EPR) and
−0.47 m/y (LRR). In Sector G2, the most significant landward displacement of the coastline is observed
only in two narrow areas located near a stabilized lagoon mouth (Figures 7 and 9b). Apart from these
narrow segments of retreat, sector G2 showed an overall accretion trend with an average seaward
displacement of 12.26 m (NSM) and an average accretion rate of 0.20 m/y (EPR; Table 2). Along sector
G3, all transects exhibited negative values for all parameters. The average rate of shoreline retreat in
this sector is −0.32 m/y for EPR and −0.50 m/y for LRR, while the average net landward movement of
the shoreline was of −20.03 m (NSM; Figure 7). Sector G4 appeared to be characterized by an increase
in deposition (mean NSM = 32.66 m). In this sector, accretion trends were reflected through average
progradation rates of 0.53 and 0.47 m/y for EPR and LRR, respectively (Figure 7; Table 2). Finally,
accretion was recorded at the west side of the breakwater structures fencing an artificial channel in
sector G2 (Idrovora del Ponte Vecchio; Figure 9c) and at both sides of the concrete breakwater built
around the old mouth of Santa Gilla lagoon (Figure 9d).
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(c) breakwaters along artificial water pump channel (Idrovora del Ponte Vecchio); (d) breakwaters
along lagoon mouth.

5. Discussion

The impacts of ongoing global warming on the sea storm regime is still a debated question,
notably in the Mediterranean area [72]. Recent studies have reported that climate change is responsible
for the global increase in mean and extreme sea state conditions observed in recent decades [73]. In the
Mediterranean, De Leo et al. [74] confirmed similar patterns, with positive trends for the annual 98th
percentile of significant wave height (Hs) and annual mean Hs. Moreover, data from tide gauges
and observations from space by radar altimeters [75,76] have shown that the mean sea level in the
Mediterranean Sea has risen at a rate of 2.5 mm/year over the period 1993–2019. In addition to
climate change, local sea level rise can be accelerated by land subsidence. When compared to natural
forcing [77], anthropogenic interventions can trigger relatively rapid changes in shoreline that can
further accelerate climate-driven erosion. However, since eliminating completely human activity from
urbanized beaches is presently a very complex task, there is an increasing need to properly study and
manage beaches in order to ensure that human interactions are carried out in a sustainable manner,
coastlines are protected and natural ecosystems are not lost [9].

Long-term analysis of changes in shoreline position and morphology using the DSAS ArcGIS
extension has proved to be a successful method for assessing the effects of natural and anthropogenic
forcings on large-scale morphodynamic processes and coastal behavior [60,78]. In this study,
the statistically computed parameters of EPR, LRR, NSM and SCE were used to analyze the rates of
shoreline change from 1954 to 2016 along the beach systems of the Gulf of Cagliari.

The beaches of the Gulf of Cagliari (Poetto and Giorgino) are coastal systems where waves and
littoral currents are the dominant processes acting on the transport and deposition of sediments. From a
hydrodynamic perspective, the entire coastal area of the Gulf of Cagliari is characterized by longshore
currents that move sediment from the west to the east [9]. Beside reflecting dynamics due to natural
transport processes, the accretion and the erosion dynamics appear to have been greatly affected by the
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intense anthropogenic activities that have impacted these areas during the last 60 years. These human
interventions were relatively moderate until 1945. Thereafter, urbanization and industrialization
increased considerably, resulting in several coastal modifications [38].

An increasing number of residential users, the progressive development of the urban area of
Cagliari and the construction of marinas, roads, artificial reefs and coastal defenses are the main
types of human pressures which have modified the natural state of the Poetto beach during recent
decades. These impacts are further aggravated by the ongoing seasonal mechanical beach grooming
that is carried out to promote tourism (removal of Posidonia oceanica banquettes) [3]; such a practice
is depriving the beach of its natural buffer from wave energy and wave run-up, therefore increasing
the risk of erosion [3,79]. For all of these reasons, a nourishment project was carried out in 2002
to reintroduce 300,000 m3 of sand. However, the nourishment significantly modified the textural
sediment composition of the shore, which was originally composed of medium-fine siliciclastic sand,
by adding great amounts of bioclastic/biogenic sediments; such changes in sediment composition
and sizes (from D50 = 1.89 φ [80] to D50 = 0.78 φ [3,51]) ultimately caused the modification of the
beach morphology (e.g., slope) and morphodynamics (from dissipative to reflective) immediately after
nourishment [3,54]. Comparative data and distribution maps for both pre- and post-nourishment
sediment characteristics have been provided and are reported in Lai [56]. For further details on the
grain-size data, the reader is referred to Lai [56].

Because of the natural west to east longshore drift in the Gulf of Cagliari, the building of the
yacht marina, which started in the 1950s, may have led to the starvation of sediments along the
shoreline areas located to the east of this structure. Together with the loss of dune habitats caused
by the road construction, the building of the yacht marina is another likely reason for the shoreline
retreat observed in Sector P1, as values for NSM, EPR and LRR (−7.63 m, −0.17 m/y and −0.19 m/y,
respectively) confirmed.

The beach nourishment intervention in 2002 was carried out to counteract this landward retreat.
Shoreline changes before and after beach nourishment were analyzed separately. From the analysis
conducted on the 2003–2016 dataset, as NSM and EPR rates demonstrate, it is evident that all the
replenished material was almost totally lost from the system (Figures 5 and 6). If shoreline erosion rates
and net retreat, during the 44 year prior to beach nourishment, were in the order of ten of centimeters
per year and 10 m, respectively, after beach nourishment, within a temporal span of only 14 years,
values for NSM and EPR became disproportionately increased. Mean retreat and erosion rates were
recorded as high as −38.02 m and −2.92 m/y, while the maximum landward shoreline displacement
was of −55.39 m. The nourished sand appeared therefore to have eroded much faster than the natural
sediment (Figure 8). As demonstrated by other research [81,82], the reason for this increased erosion
may be partly attributed to the differences in textural properties of the artificial and native materials.
In Figure 8, the shoreline position 3 years before beach nourishment, in a small segment of sector
P1, is compared with the shoreline positions recorded 1 year and 14 years after beach nourishment,
in order to provide a clearer graphical explanation of the evidence described.

In contrast, Sector P2 showed that post-nourishment accretion rates (EPR ranging from 0.07 to
0.40 m/y) are relatively similar to those observed before nourishment, with the EPR ranging from
stability to a half meter of accretion per year and NSM ranging from a few meters to 15 m of seaward
displacement. Nevertheless, the length of the coastal segment affected by accretion, within sector
P2, appears to be increased in the years after beach nourishment. This is an important piece of
evidence that suggests that, a decade after the artificial sand nourishment, the beach returned to
its stability. By looking at post-nourishment NSM and EPR, it seems that the nourished material
eroded from sector P1 is not deposited in the eastern adjacent sector P2, where accretion rates remain
relatively stable and are similar to those observed prior to beach nourishment. Additionally, sector P3
shows post-nourishment erosion rates (max EPR = 0.50 m/year) in the order of those computed for
the pre-nourishment years. However, the stretches of coast showing the highest recorded shoreline
progression and retreat, in sectors P2 and P3, appear to have, respectively, increased and decreased
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in length. As already reported in several studies [3,38,83], this may be due to the fact that some of
the coarse bioclastic replenished material may have remained in the system and possibly supplied
the proximal segments of the coast. Sector P4 shows net accretion trends during both pre- and
post-nourishment years. This is probably due to the natural embayed shape of the Poetto beach,
as the arch of the bay in the eastern parts promotes the deposition of sediments and “protects” them
from major swells and currents. However, post-nourishment NSM and EPR in sector P4 became
much lower than those recorded during the pre-nourishment years when the coast progressed up
to 80 m in length and EPRs recorded were, in some segments, as high as 2 m/year. Given the much
shorter temporal scale of the post-nourishment analysis, this result was expected. Nevertheless,
rates of increase appear halved, showing a maximum of 1 m/year of accretion. This result suggests,
again, that erosion–deposition dynamics within the Poetto beach system reached an equilibrium in
only few years after sand nourishment; the majority of the artificially fine bioclastic material was
probably transported toward deeper areas or lost through wind deflation outside the beach–dune
system. Only the coarse-grained material partly remained, positively influencing the long-term
sediment dynamics in those coastal segments close to the nourished beach area. The potential
loss of artificially replenished fine bioclastic material offshore is likely to have been limited by the
presence of the P. oceanica meadow [3]. This seagrass can directly intercept suspended sediment
particles with their leaves [84] and consequently increase sediment trapping and deposition on the
shoreface [27,32,37,57,85,86]. In fact, it is well known that seagrass meadows play a crucial role in the
physical equilibrium of the Mediterranean coasts by protecting the coastline from erosion [26,34,87–90].
Today, the P. oceanica meadow is possibly the last remaining authigenic bioclastic sediment source at
Poetto beach [38].

Two other studies conducted along the coast of Alicante (Spain) reported analogous dynamics to
those observed along the Poetto beach after the nourishment intervention. The first study, carried out
by Pagán et al. in 2018 [91], presents the historical evolution of six beaches along the coast of Alicante
in the period between 1956 and 2017. In all of the study sites, it was documented that the beach
nourishment used to regenerate the beaches in the 1990s caused significant textural and morphological
modification that partly contributed to the increase in erosion rates recorded. Environmental damage
to the nearby P. oceanica meadows was also caused by an increase in sediment volumes. In most cases,
the filled material was lost and all the beach systems returned to the initial state. The second study
carried out by Pagán et al. in 2016 [92] analyzed the historic evolution of the Marineta Cassiana beach
for a period of 65 years (1950–2015). Again, it was demonstrated that the change in sediment grain
size, caused by the artificial nourishment, led to an imbalance of the beach profile and to the backward
movement of the P. oceanica meadow, resulting in increased annual erosion from −1.5 to up to −2.5%.

In order to assess the effects of the changes in the textural properties and volumes of the Poetto
beach on erosion dynamics and P. oceanica ecosystems, further long-term monitoring should be carried
out. However, it could be sensibly deduced that, as reported in the above studies, the restoration
measures adopted in the Poetto beach could have similarly caused an imbalance of factors that may
influence the future evolution of the beach.

For what concerns the Giorgino beach system, numerous human interventions were also carried
out here since the 1940s. The development of several industrial activities, the construction of the Syndial
(ex-Rumianca) wharf pier, the building of the industrial port of Cagliari and its related activities and
the expansion of a large urban agglomerate that led to the modification of the fluvial catchment areas
are recognized as the main modifications that caused the interruption of the longshore and cross-shore
transports of sediment [9]. In addition, dragging, ship anchoring, pollution, solid wastes related to
industrial activity and urbanization have affected the shoreface environment, causing deterioration
of the water quality levels that consequently led to the degradation and retreat of the P. oceanica
meadows. A wide area of degraded and discontinuous meadow in front of Giorgino beach, at depths
between −4 and −20 m, was described [9]. The poor ecological status of the seagrass meadow in
this area has been revealed by the presence of Caulerpa prolifera (an invasive species over P. oceanica
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ecosystems) and by benthic foraminiferal assemblages; in particular, the foraminiferal assemblages
of the shoreface of Giorgino are similar to most of those collected in highly impacted coastal areas
of Sardinia, such as Portoscuso [93], La Maddalena [94] and Porto Torres [95]. The fragmentation
and retreat of the upper limit of the meadow implicates a reduced capacity of sediment retention by
seagrasses in the inner shelf of Giorgino beach. Consequently, this material can be lost offshore and
exit the beach sedimentary budgets. This may be one of the contributing causes for the considerable
shoreline retreat of Giorgino beach, ranging from 30 m to 110 m of landward regression, observed
in sector G1 (south-western side; Figure 9), in the vicinity of the urban agglomerate of Frutti d’Oro
(Figure 3). More specifically, the highest shoreline retreat values (NSM ~ 80–110 m) were recorded in
the proximity of the river mouth of Rio San Gerolamo; further eastward, lower values in the range of
20–60 m of NSM were also recorded next to the mouth of a stabilized lagoon mouth, and alongshore,
a coastal segment hosting a series of groynes built in 2014 to protect the urban area from erosion
(Figure 9a) [9]. Another important cause for the shoreline retreat occurring in this coastal sector may be
the modification of the fluvial catchment system due to the heavy urbanization of the area, which led
to a strong reduction of terrigenous sediments input to the beach. Similar patterns were described
in Platamona-Maritza Beach (Northwest Sardinia, Italy) by Virdis et al. [63]; here, multi-temporal
analysis revealed that the shoreline retreat observed in the southern sector of the Gulf of Asinara
was temporally correlated to changes in water discharge from the main rivers (Riu Mannu di Porto
Torres). The reduction in river discharge was indeed attributed to the extreme urbanization recorded
since the 1960s which led to land use change, the construction of dams for agriculture and urban
developments. The importance of sediment supply by rivers is demonstrated by various studies and
reviews. Some of the most important anthropogenic forcing in shoreline retreat, considered to be the
cause of the reduction of fluvial sediment supplies to coastal areas, are: the construction of dams,
abstraction for irrigation, overexploitation of coastal acquirers and artificial alteration of the river
course [96–98].

As mentioned before, groynes were built in sector G1 to limit erosion and protect coastal structures
from flooding. There is insufficient temporal evidence to appreciate the effect of containment structures
over the 64-year analysis, however, given the high EPRs of 2 m per year recorded in this coastal segment,
the groynes probably provided little protection from erosion and may have, as scientific evidence
suggests, even aggravated the process of erosion along the eastern adjacent parts of the coast [99].
Similar trends were presented in Nassar et al. [61] for the north Sinai coast (Egypt), where shoreline
analysis revealed increased erosion on the downdrift side of protection structures due to interruption
of longshore sediment transports. Groynes are, indeed, the most commonly used coastal defense
structure used to stabilize the shoreline on coasts with prevailing longshore sand transport [99,100]
and to combat beach erosion [101]. While these structures lead to the progradation of the updrift
beach [102], the downdrift beach is eroded, causing detrimental effects and potential threat to tourist
activity. Despite updrift trapping of sediment, the intensification of the sequential erosion of the
downdrift shoreline cannot be avoided [99]. Furthermore, the rigid structures have a tendency of
reflecting, rather than dissipating, wave energy [9], causing further negative impact on the littoral zone.

On the contrary, accretional trends in section G2 and G4 were observed (Figure 7). Within these
two coastal sectors, different man-made structures are found, such as the breakwaters built along an
old mouth of the Santa Gilla lagoon (Figure 9d) and the breakwater fencing the outlet of an artificial
channel (Idrovora del Ponte Vecchio; Figure 9c). In this case, the breakwaters have positively acted as a
barrier to the natural west to east longshore drift, trapping the sediments coming from the lagoonal
areas and ultimately contributing to accretion on the updrift side of the structure. Overall, along the
entire sandy coastline of Giorgino, longer segments of shoreline retreat are found adjacent to shorter
progressing segments, reflecting an alternating west to east release and accumulation of sand.

Our 62-year analysis revealed that along the entire sandy coastline of the city of Cagliari, anthropic
processes significantly modified natural erosion, transport and deposition dynamics. This implies
that, if these factors remain constant, under projected climate change scenarios, these beaches are at
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risk of further increased flooding and erosion. Following the recent COVID-19 pandemic emergency,
drastic measures were adopted to restrict human interactions. Imposed periods of quarantine shut
off all economic, industrial and urban activities to a level that led to visibly positive outcomes for the
environment and its ecosystems [103]. Beaches in Europe were closed to public access, giving scientists
the unprecedented opportunity to observe ecosystem resilience at work. The preliminary results of the
seasonal monitoring carried out by the Coastal and Marine Geomorphology Group of the University
of Cagliari [58] along the Poetto beach seems to indicate that the total shut-off of beach cleaning
operations and of public admittance to the beach resulted in a significant increase in seagrass biomass
(Posidonia oceanica) and of other organic beach-cast deposits of allochthonous input (e.g., Arundo donax,
giant reed). As a consequence, a higher ability of the beach to absorb storm surges was observed in the
form of less frequent flooding events. Furthermore, preventing access to the beach left sediment and
dune vegetation undisturbed, allowing noticeable higher sedimentation rates and accretion.

6. Conclusions

In this study, a multidecadal analysis of shoreline changes was performed using the DSAS tool on
historical ortho-rectified photo mosaics acquired between the years 1954 and 2016. Such analysis was
performed for the first time along the two beach systems of Poetto and Giorgino in order to quantify
net shoreline position variability in relation to natural and anthropogenic forcings. Despite some
limitations [59], the DSAS allowed us to identify the most vulnerable zones of the study areas.
Eight sectors with interchanging net erosive or accretional trends were identified along both beaches.
The most vulnerable coastal sector, which in the last six decades experienced the highest erosion rates,
appeared to be sector G1, in the westernmost part of the study area. The higher levels of human
interventions occurring in this coastal zone (including stabilization of river mouth, coastal engineering
structures, backbeach and dune occupation and consequent strong reduction of terrigenous sediment
supply) were considered the main causes for the landward retreat evidenced by our long-term analysis.
A comparable landward displacement of the shoreline was observed in sector P1, along the Poetto beach,
for both pre- and post-nourishment analyses. Erosion rates in sector P1 appeared to be significantly
increased after artificial sand nourishment, suggesting that, during the 14 years following beach
nourishment, the system rapidly reached its equilibrium state and most of the replenished material
was naturally rearranged along the beach by the local hydrodynamics. In general, several causes of
anthropic origins, some of which date back to almost a century ago, were recognized as the causes
of the shoreline retreat observed during the last six decades along the Poetto and Giorgino beaches.
In particular, low resilience levels were the result of coastal structures which interrupted the longshore
and cross-shore continuity of the two beach systems.

The whole study area is subject to important wave run-up and flooding phenomena, meaning
that anthropic developments can greatly exacerbate long-term ongoing natural dynamics and make
the entire sandy coastline of the Gulf of Cagliari more vulnerable to the effects of extreme events.
Understanding system dynamics and impacts is particularly important in insular Mediterranean
microtidal wave-dominated beaches, where fluvial sedimentary inputs are considerably reduced when
compared to large continental systems (e.g., Rhône delta) characterized by the availability of large
amounts of siliciclastic sediments. In Mediterranean beaches, insularity induces a more fragile and
unstable equilibrium that climate change and increasing human pressure can potentially aggravate,
posing serious threats to the survival of the urban beach systems that cannot accommodate these
modifications. In this context, the analysis of past shoreline dynamics carried out in this study
constitutes an important step towards better environmental planning. The DSAS proved to be an easy
tool that can potentially facilitate the assessment of coastal vulnerability in relation to natural and
anthropic causes. Furthermore, the results represent a fundamental basis that can be used to predict
the short- to long-term future evolution of these beach systems.

Sustainable management aimed at system restoration becomes extremely difficult when facing
historical large-scale land modification and should therefore reinforce those regulations aimed at
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system maintenance, prioritizing the protection of all those natural buffers in a beach system, such as
dune and P. oceanica habitats. We believe that, beside adequate management strategies, enhancing the
natural recovery ability of coastal systems is possibly the most powerful “passive” tool for coastal
managers. Lockdown measures worldwide taught us that nature has an incredible ability to restore
itself after disturbance; therefore, we believe that allowing ecosystems to restore naturally and then be
given the space to persist should be made one of the fundamental tools in coastal management plans.
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