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ARTICLE INFO ABSTRACT

Keywords:

Indicator-oriented approaches embrace several aspects of coastal erosion vulnerability assessments. Nonetheless,
coastal erosion is mostly increasing because of both the lack of univocal and resolutive practices on coastal
management and increasing human pressure on coastal systems. This article proposes the implementation of an
Index of Social and Morphological Vulnerability (ISMV) to show how the cost of services and morphological
trends can affect the distribution of benefits, produce coastal narrowing, and consequently the resilience po-
tential of coasts. This innovative indicator framework was carried out for the Mediterranean area of San Vin-
cenzo in Italy. The analysis highlights that administrative actions can be crucial to support or to impoverish the
resilience potential. Areas of relative regeneration capacity were distinguished as high (4.11), moderate (0.37),
and low (0.33). They could be enhanced just by planning resolutive beach management at a local scale. In this
context, some resolutive actions are proposed in the framework of an aggregate multi-index approach that
connect with the main Intervention Concerning the Erosion Causes (ICEC) strategies. The results obtained
support the definition of the ISMV as an adequate policy tool to implement modifications in the maritime domain
concession system aimed at sustainability and social justice.
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1. Introduction

Vulnerability assessment procedures seek to achieve an under-
standing of coastal erosion mechanisms, to define the exposed socio-
economic values, and to plan options to face this issue. These parame-
ters are linked by a coevolutionary relationship (Sterr et al., 2000) that
was widely investigated through the computing of indices. Such indices
were used to produce consistent and exhaustive future scenarios, even if
successful strategies were rarely proposed or adopted. In fact, the vast
majority of coasts of our planet are exposed to increasing urban pres-
sure. Two examples are the coasts of Europe that are still affected by
incipient erosive patterns mainly due to human pressure (EEA, 2018,
2010; IPCC, 2007), and China’s coastline which, at the present time,
hosts almost 700 million people. This situation has already generated
high levels of urban pressure on ecosystems, and such pressure is ex-
pected to increase sharply due to both demographic spreading as well as
the rise in sea level (Sajjad et al., 2018).

Management actions taken by administrations very infrequently
follow the prescriptions and results of the assessments. The decision-

making process in this field must encompass bio-geophysical, eco-
nomic, institutional and socio-cultural factors (Cooper and McKenna,
2008; Rangel-Buitrago et al., 2018; Sterr et al., 2000; Williams et al.,
2018) to guarantee the sustainability of development plans and also the
appropriate distribution of derived benefits. Particularly, sedimentary
stock can be strongly affected by human-induced phenomena. They
involve shifting erosive patterns, coastal squeezing, and can even
conceal natural trends during the assessment phases (Doody, 1992,
2004; Pontee, 2013; Pranzini, 1989; Anfuso et al., 2013; Bianco et al.,
2020). These feedbacks directly affect the sediment availability on the
active beach. Sedimentary stock provides space for ecosystems to
develop, as well as for the building of services and for human benefit.
For these reasons, sedimentary stock represents the most important
component of the coastal system to preserve in order to maintain the
resilience potential of coasts (Bhamra et al., 2011; Coastal and Envi-
ronmental Research Committee and Southeastern Universities Research
Association, 2015; Garcia-Ayllon, 2017; Klein et al., 2011; 1999; 1998;
Raymond et al., 2017).

On the other hand, benefit distribution must consider the citizens,
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tourists, and stakeholders that are mainly concentrated in large coastal
cities (Martinez et al., 2007). In this field, high levels of human pressure
are now being detected in several Mediterranean coastal areas, such as
the South of Italy and Spain (EEA, 2010), even if the current strict Eu-
ropean environmental regulations have meant that no relevant
increasing trend has been registered since the decade 1990-2000 in
developed countries. This trend mostly affects sandy beaches, which
globally host the largest part of the concentration of people, who locate
to climatically and economically favorable areas of Europe (Barragan
and de Andrés, 2015; Brown et al., 2009; Luijendijk et al., 2018; Mar-
tinez et al., 2007; Pranzini, 2018; Seto et al., 2011).

In this context, an Index of Social and Morphological Vulnerability
(ISMV) is proposed as an innovative and mixed approach to calculate
vulnerability assessment from a comprehensive point of view. This in-
dicator can detail the level of vulnerability of a coastal site, considering
phenomena that reduce the space for ecosystems, and limit the citizens’
right to interact with coastal ecosystem services. It enhances previous
studies that considered the social importance of public decisions on the
beaches, as well as the potential for regeneration of the coastal system
(Cooper and McKenna, 2008; Cutter et al, 2003, 2009; De Girolamo
et al., 2006; Garcia Ayllon, 2018a,b). This index is proposed to express
the resilience potential of the area. It involves morphological trends,
economic trends of the prices, and elements of the system that directly
affect the sedimentary stock, since it represents the space necessary to
support resilience (Bhamra et al., 2011; Bridges et al., 2015; Klein et al,
1998, 2011; Salman et al., 2004). The use of GIS territorial change in-
dicators enables each component to be investigated, and to observe the
feedbacks that they release. This will provide crucial indications on the
processes that costal managers should support or restrict. The method
consists of a mixed multi-index approach to set out the strategies for
management solutions; some of which, such as cause-effect analysis or
Concerning Erosion Causes (ICEC) strategies (Pereira et al., 2018; Ran-
gel-Buitrago et al., 2018; Williams et al., 2018), implicate adaptative
designs, the use of the ecosystem, planned retreatment of the structures,
their protection or even their sacrifice. ICEC will include the vulnera-
bility assessment, and the integrating of adaptative plans at a normative
level. The latter represents the greatest difficulty found by previous
studies in the field in different countries, where, even if evolved and
extended legislative systems exist, they mostly fail at a regional level
(McKenna and Cooper, 2006; Neal et al., 2018).

The Italian Mediterranean area of San Vincenzo was chosen for
verifying the usefulness of the ISMV index as it is representative of a
coastal urbanized site settled on a sandy beach. Geomorphological
assessment at this location has already shown that morphological trends
depend heavily on artificial replenishment inputs. It reflects small
period management plans that during the last 60 years were focused on
the harbor building phases. Nourishments and hard defenses were car-
ried out to stabilize the shoreline and protect the urban center, which
spread and notably restricted the coastal zone during that period. These
solutions were very frequent on the Italian coast as well as in other parts
of Europe (Pranzini et al., 2015). However, these policies failed to stop
the incipient erosive patterns that have characterized the last 60 years in
the whole country, which today registers a total loss of 91.9 km? of
sandy beaches and a length of 1534.4 km (Ministero dell’Ambiente e
della Tutela del Territorio e del Mare, 2017). Moreover, the geomor-
phological settings in Italy differ greatly from one region to another, and
even between provinces within the same region, highlighting several
management issues, different economic vocations, and a very frag-
mented normative framework.

2. Area of study and methodology
2.1. Area of study

San Vincenzo is a municipality located on the north western Italian
coast of the Mediterranean area. It consists of a coastal stripe 13 km
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long, extending NW-SE in the Livorno Province of the Region of Tuscany
(Fig. 1). The whole length of the coastal stripe contains sandy beaches
which are only interrupted by the tourist harbor, which stands out as the
most urbanized portion of the site (a detailed Kmz file of the area of
study is available as supplementary GIS resource). Tourism represents
the main industry of the municipality and has attracted an average of
more than one million people per year in the last 13 years (Regione
Toscana and ISTAT, 2019). Its population was 6910 in 2015 (Comune di
San Vincenzo, 2016) concentrated in 33.14 Km?, while a total of 81
maritime concessions for economic activities are irregularly distributed
therein.!

The concessions have been issued by different authorities to regulate
the use of the beach. Only 35 of these concessions are businesses and are
managed by the Local Municipal Authority; our assessment considers
those ones. Although the sedimentary stock should represent the whole
area within a coastal zone delimited as 200 m from the shoreline (EEA,
2010), at San Vincenzo this area is restricted by the anthropic structures.
Hence, where there is less than 200 m it will be considered as the zone
between the closure depth and the hard limit landward.

This coastal area can be divided into three subareas: the first to the
north of the marina, the second to the south of the port infrastructure,
and the third further south consisting of a regional park. The only coastal
area not affected by urbanization processes is the latter one, where the
Natural Park inland preserved that area from urbanization. In the other
two zones the coastal area is permanently occupied by buildings and
infrastructures (such as a mass road and railway) that strongly reduce it.
These features will be considered for the calculation of the ISMV since
they directly interact with the coastal zone, although at this scale of
assessment they could not be considered in the management. Solutions
will regard the sedimentary stock on which the active beach is over
imposed physically and administratively.

With respect to the hydrodynamics, the area was isolated from the
rest of the sedimentary cell to which it belongs, named Punta Lillatro-
Torre Nuova (Mazzanti et al., 1980), by several hard structures on the
northern side. Within San Vincenzo’s Coastal Unit, longshore currents
take two directions: N-S in the northern part, and S-N in the southern,
meeting at a convergence point in the middle of the Unit. The harbor
represents a pass towards the offshore for the longshore currents flowing
N-S. A further morphologic structure considered in the morphodynamic
patterns is the submerged canyon at the southernmost part of the Unit.
Considering these elements, the coastal stripe was first divided into
three Sub-Units, (A, B, and C), and then into sectors comprising both
homogenic territory portions 250 m in length (Bianco et al., 2020;
Pranzini et al., 2020) and homogenic morphodynamics, as well as
lacking anthropic interruptions. All Sea-state parameters and Sub-Unit
configurations can be observed in Fig. 2.

2.2. Diagnostic indicators of coastal resilience

Territorial change indicators enable the different groups of elements
comprising the coastal system to be included and weighted in the
assessment of vulnerability. They express relevant values when they
highlight these feedbacks, which can be more or less clear depending on
the physical context of the site (Garcia Ayllon, 2018a,b). For this reason,
a tested index often fails to provide supporting results if applied in
different settings. The Index of Social and Morphological Vulnerability

! In Italian law, maritime concessions are the legal permissions given by the
maritime domain authority to each municipality to manage activities with
minor impact in coastal areas in their jurisdiction. In turn, the municipalities
rent them to private stakeholders that establish economic activities (restau-
rants, shops, leisure spaces, beach bars, etc.) for a time within these portions of
maritime territory. Henceforth, the term “concessions” will be used to refer to
these non-permanent economic activities authorized under the concession
regime of in the maritime space.
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Fig. 2. Partition of the San Vincenzo Unit and main physical attributes; the rose diagram relates with sea state (University of Florence and DEAM, 2007).
and Stressors/Counteractors elements of the area were introduced in the
assessment through three respective sub-indices. These sub-indices are

(ISMV) proposed was calculated to classify the active beach’s vulnera-
the Index of Morphologic Variation (IMV), the Index of Services’ Cost

bility to coastal erosion, and to investigate the response that the active
beach gives to the space reduction. Morphological trends, Economics,
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(ISC), and the Coastal Regeneration Index (CRI). The calculation of these
indices comprised the creation of groups of elements considered in the
CRI, as well as the conversion of dimensioned morphological trends.
These two methodological approaches were integrated to enable
dimensionless computing of the diagnostic indicators, as well as to
spatialize the data.

2.2.1. Index of Morphological Variation (IMV)

The Index of Morphological Variation analyzes the morphological
trends of the active beach. These are composed of the shoreline and
bathymetric quota displacement. The active beach was defined as the
area between the backshore limit and the closure depth, —7 m (calcu-
lated with a return time period of 50 years, see ). The upper limit of the
beach was digitalized using ArcGIS® software by Esri. Aerial images
available at the National Geographical Portal (Geoportale Nazionale)
relating to the years 1994, 2006, and 2012 were compared together with
the Landsat 8 Satellite image from 2019. Through this analysis, hard
human-made structures in Sub-Units A and B, and the base of the dunes
within Sub-Unit C were mapped. Similarly, two surveys aimed at
detecting shoreline and bathymetric displacements were carried out in
2014 and 2018. Shorelines were acquired through GPS-RTK surveys in
2014 and 2018, and then provided as shapefiles. Both the shoreline and
the bathymetric features were then georeferenced in WGS84UTM 32N
reference system.

To calculate the IMV sub-index, a variation factor was assigned to
each of the classes and later used in the calculation at a Sub-Unit scale as
follows:

IMVicclor = Vvscclor *Lvscclor (1 )

where, Vv is the Volumetric Variation factor of the seabed, and.
Lv is the Linear Variation factor of the shoreline for each sector.

IMVsiy i = 3 MYy *Z [ @

where Z and ) are the area of the sector, and of the Sub-Unit considered,
expressed in Km?2.

Even if a short period was covered by the surveys, it is useful to
picture the morphodynamic response of the coastal system to the harbor.
The latter was completed in 2014, so the sedimentary stock status at that
time represents the conditions to which the beach should revert to after
a future traumatic event.

2.2.2. Index of Services’ cost (ISC)

This sub-index literally considers the price that common users must
spend to benefit from the services within the maritime territory. These
businesses take advantage of the beach directly, creating accessibility
modifications to the maritime domain. A total of 34 concessions cover
41,426.030 m? of active beach at San Vincenzo. They were analyzed
regarding the typology of business, the area they occupy, and the cost of
their services. Different sources were considered in order to determine
their costs. These values were standardized since rates can vary
depending on the tourist operator, owner, or online platform that sells
the offers, and of course the type of offer. Two types of businesses exploit
the concessions issued by the local municipality:

e Beach establishments: they offer daily, weekly, or monthly rates to
rent a beach umbrella, a beach chair, and a beach lounger (or two
loungers). This offer does not include the cost of a shower, at an
average of 0.5 €/shower, nor the cost of further loungers or chairs,
and even the use of the toilets.

Resorts: they own private beaches where the same items that the
establishments offer are available with the same period rates, but the
requisite to access the beach is to rent a room or an apartment. Re-
sorts represent 65.7% of the concessions; criteria to individuate the
standard offer are the same for the establishments. Hence, a room or
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apartment (depending on the resort policy and availability) for two
people was selected in the options that allowed access to the private
beach. All the resorts provided free showers and toilets for their
guests. Another variable in the standardization of the offer was the
inclusion of room and board. The option which only included
breakfast (Bed & Breakfasts included) was selected, since all the re-
sorts in the area offered it.

Rates were selected from the official structure’s booking systems,
and where they were demanded from specialized on-line platforms, the
most common ones used in Italy were selected, such as Booking (www.
booking.com), and Tripadvisor (www.tripadvisor.it). An Appendix
“Concessions” is included as an online resource in which their attributes
are provided. Prices of the structure’s typologies varied depending on
the seasons and even on the week of the year. The period of evaluation
was chosen through the Tourism Database of the Region of Tuscany
(Regione Toscana and ISTAT,2019) filtering data from 2005 to 2018 per
year or even parts of the year. Prices of services were studied, and
economic classes calculated; a factor was attributed to each of them as
with the IMV. The ICS was calculated per each sector first, and later per
each Sub-Unit as:

1 1z
ISCsup vnir = Y, ISCuccror / Do ®3)

Where Z is the considered sector area, A is the considered Sub-Unit area,

ISCicor = ICOsei1 “ICO¢ ¥ Ec @

where Ec is the Economic Class of the sector, attributed as shown below
in Table 1.

ICO gector represents the ratio between the surface area occupied by
the concession and the total surface of the sector concerned.

ICO. e =Cpy ®)

C is the area of each concession within the considered sector.
U is the area of the sub-unit within which the considered sector is
located.

1COyeet0r = Z (ICOC(m(:)sertor (6)

2.2.3. Index of Coastal Regeneration (CRI)

The Index of Coastal Regeneration is calculated to consider Stressors,
which support the reducing of space, and Counteractors, which provide
or preserve space/sediment. The ratio between the two classes of ele-
ments represents the potential of each Sub-Unit to self-regenerate
(Garcia-Ayllon, 2017). Water channels, sand dunes, and sand bars
mapped in the geomorphological assessment phases were considered as
potentially regenerative (Bianco et al., 2020). Stressors were defined as
hard defenses, concessions, and buildings within the coastal zone. The
latter included private residences and public services such as roads and
marinas that border the backshore. All these features were integrated in
the ArcMap suite, weighted, and classified. A summary map will be
provided with all the features and the resulting indices’ distribution in
the results. The harbor is not analyzable when calculating the IMV and
ISC, and its theoretical regeneration potential could be inferred as 0,

Table 1
Economic Classes based on the cost of concession services.

Economic Class Values Range (€/day)

0-21.5
21.5-30
30-33
33-100
100-190
190-297

U A WN -
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since restorative elements were totally absent, as well as sedimentary
stock.
Using the values assigned to each class, the CRI was calculated as:

CRI = Rp (6a)
Cp

where Rp is the sum of Restoring Processes in each sector of the Sub-Unit
considered, and.

Cp is the sum of Stressors in each sector of the Sub-Unit considered.

Parameters to be considered in the CRI sub-index calculation were
selected after the coastal stripe analysis. From aerial and satellite im-
ages, as well as from field observations, six classes of elements were
chosen and associated to some numeric values (Table 2), as happened
with other sub-indices.

Counteractors are the geomorphological elements that resulted
restorative of the sedimentary stock at the San Vincenzo coastal area
(see geomorphological assessment in Bianco et al., 2020). Dunes and
submerged sand bars represent the two first classes, to which the values
of 2 and 3 were respectively attributed. They offer some natural defenses
to the wave action, contrasting cross shore migration of the sediment
and even supporting its residence on the emerged beach. A higher value
(4) was attributed to rivers and channels since they are the main sources
of sediment, excluding the artificial replenishments.

Conversely, stressors were individuated through human-made clas-
ses of elements. The first two classes are the economic concessions and
the buildings affecting the maritime domain. Weak regulations on the
maritime public area may increase the risk of permanent occupation and
social injustice. This phenomenon can even facilitate the appearance of
buildings in the coastal areas, restricting their use. Hence, a value of 2
was attributed to concessions and 3 to existing buildings. Lastly, the
higher value of 4 refers to hard defenses such as coastal infrastructures
since they may trigger coastal narrowing and squeezing.

2.2.4. Index of social and Morphological Vulnerability (ISMV)

The ISMV is a dimensionless indicator that relates all the sub-indices
indicating the degree of relative resilience in the three Sub-Units. It
varies depending on both the economic and morphological groups of
components of the coastal system, although in the case of concessions,
on their density within the unit considered. It was calculated as:

U*CRI
ISMV upunis = T IMV*ISC @)
with IT being the total area occupied by concessions in the Sub-Unit
considered.

From formula (7), the ratio between the total surface area, which is
expected to have a known regeneration potential, and the surface area
occupied, with its morphological and economic trends, results in the
resilience potential of the coast. It also highlights the zero point of the
resilience assessment; the elements considered within the resilience
assessment define the present day situation, which is therefore the
maximum point to which our system could revert to after a future
erosive event (Klein et al., 1998, 2011), should the present elements
persist.

2.2.5. Summarized framework of the methodological process
A workflow diagram to clarify the stages of the study is provided in

Table 2
(a) Weight attributed to Counteractors elements; (b). Weight attributed to
Stressors elements.

Rp Values Cp Values
Dunes/Park 2 Concessions 2
Bars 3 Buildings 3
Channels 4 Hard defenses 4
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Fig. 3. In short, the model we considered covers the tourist industry and
the sedimentary stock of the active beach, as being the space hosting the
ecosystem and human activities.

3. Results

The Resilience Potential is a singular factor to determine, since a
non-univocal procedure exists for its determination, and it is not
required by any guidelines in the field of coastal assessment. Two
different methods were combined to determine a relative index of
resilience potential at a local scale. The model calculates vulnerability
classes of morphological changes, and indices of services’ price and
regeneration of the coast. The results include the ISMV of the three Sub-
Units analyzed, and a series of sub-indices containing important infor-
mation for a resolutive strategy.

Morphological patterns were detected ranging from a maximum
erosive rate of —6.5 m for shoreline displacement, and —4 m as bathy-
metric lowering of the seabed, to a maximum increasing value of 6 m for
shoreline and 2 m for bathymetry (within the considered timespan),
respectively. The maximum values are clearly due to artificial nourish-
ments and hard structures built within the nearest sectors to the harbor.
The classes range from a minimum value of 1, where the shoreline and
bathymetric trends are accretionary, to the maximum value of 3, as high
erosive trends of the shoreline and decreases of the seabed’s quota
(Table 3). Hence the IMV value ranged from 1 to 9.

The sedimentary volume in input and output within every sector’s
area was calculated for the considered timeframe. This provided
shoreline displacement rates that were then divided by the sector’s
amplitude to obtain average linear variations. The three Linear Varia-
tion Classes were determined based on the data observed as shown in
Table 3, and a Linear Variation factor was attributed to each sector.

A similar exercise was performed for the bathymetric features. They
were detected through two bathymetric measures carried out using both
Single Beam as well as Side Scan Sonar technologies. Two Bathymetric
Digital Models (BDMs), from 2014 to 2018, respectively, were obtained
on the whole length of the submerged beach, and the variation of the
quota of the seabed was calculated as the raster difference between the
two. The factor is missed in those areas that were not covered by even
one of the two BDMs. Table 4 contains the Volumetric Variation Classes
and the relative Range Values, while Table 4 reports about the Sub-Unit
A case.

The volumetric variations always presented an increase in the seabed
of between 0 and 2 m. The only factor (Vv) attributed was 1, and the IMV
was totally dependent from the shoreline displacement. At Sub-Unit A,
50% of the sectors had a Linear Variation factor (Lv) of 3 in the sectors
affected by nourishments and coastal defenses (133 and 134), whilst the
remaining 50% was equally divided between Lv of 1 and 2. Sub-Unit B
had 70% of its sectors with an Lv factor equal to 1, whilst 10% had Lv 2,
and 20% had Lv equal to 3. At Sub-Unit C, 36% of the sectors had Lv 3,
18% had Lv 2 and 46% had Lv 1. The IMV was calculated for each sector
first, and then weighted on the Sub-Unit surface. Its value in the three
Sub-Units varied considerably, from just 0.11 in Sub-Unit A, 1.43 in Sub-
Unit B, to a maximum of 1.84 in Sub-Unit C. The higher the value of IMV
was, the lower the erosive trend of the Sub-Unit’s shoreline was. In Sub-
Unit A, the sectors with the high rates of retreatment (from —0.75 m to
—6.5 m) represented 50% of the sectors, whilst in Sub-Unit B this was
20%, and 37% in Sub-Unit C.

Tables 5 and 6 provide the calculations for Sub-unit A to explain the
modalities.

Prices for the third quarter of the year were used to categorize six
Economic Classes, (Ec). Those classes ranged from the cheapest (Ec = 1),
where the services are provided by beach establishments and cost 21.5
€/day, to the highest (Ec = 6) where the prices reach the maximum of
297 €/day and services are provided by resorts. The Natural Park au-
thorities restrict the normative on the territorial usage to preserve the
ecosystem there, and the services they offer are basic and completely
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Table 3
Classes of linear variation of the shoreline displacement.

Linear Variation Classes Range Values (m)

1 6/0.05

2 —0.02/0.48

3 —0.75/-6.5
Table 4

Classes of volumetric variation of the seabed.

Volumetric Variation Classes Range Values (m3/year)

1 0-2
2 -1-0
3 —4——1
Table 5

Linear Variation factor for Sub-Unit A.

Sub-Unit Sector Displacement (m) Linear Variation factor
A 130 1.653135198 1
A 131 0.466519006 1
A 132 —0.328759169 2
A 133 —4.352153761 3
A 134 —4.044632219 3
Table 6

Volumetric Variation factor for Sub-Unit A.

Sub- Sector  Lowering/Increasing (m>/ Volumetric Variation
Unit year) factor

A 130 n.d. n.d.

A 131 n.d. n.d.

A 132 0.11 1

A 133 0.13 1

A 134 0.04 1

free. In particular, they provide wooden paths which enable access for
mobility impaired users, and the preservation of the dune system, di-
dactics and promotion of the sustainable development of the area. The
Ec was considered to be 1 for these sectors.

The ISC Index is high in Sub-Unit B (0.74), low in Sub-Unit A (0.15),
and medium in Sub-Unit C (0.20). It is subordinately affected by the
density of concessions in the Sub-Unit considered. Within Sub-Unit B,
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Fig. 3. Workflow summarizing the work
phases. Solid arrow on the left side of the
diagram indicates the temporal succession of
assessments (yellow hexagons); the solid
arrow on the bottom reflects the computing
process from factors, such as the Linear
variation of the shoreline (Lv); Volumetric
variation of the submerged beach (Vv);
Economic classes (Eco Class); and Stressors/
Counteractors analysis. The third pillar
consists of the vulnerabilities determined,
while the latter considers the sub-indices
calculated to obtain the ISMV. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

50% of the sectors cover areas with a high price for services (Classes 5
and 6); 72.3% of them consist of resorts, and in some cases more than
60% of the sectors’ areas are occupied by establishments.

Conversely, Sub-Unit A has the lowest ISC (0.15); this is due to the
absence of class 6-concessions, and in just one case, one of the sectors
had more than 20% of its area occupied. These economies are better
distributed within Sub-Unit C, and there are no concessions in the last 21
sectors southward. What increases the ISC in this portion is that 100% of
the concessions are resorts. Their price ranged from 213.67 to 249.14
€/day, with just five such activities occupying an area of 10,935.00 m2.
The Index of Coastal Regeneration (CRI) considers the potential of the
coast to support human activities. Elements in the Unit were classified as
potential supports or contrasts of erosive trends. This depended on the
feedbacks that these elements released to coastal dynamics and the
sedimentary stock, highlighted in the geomorphological assessment of
the area. They were classified and weighted as shown in Table 7, which
details how the economic parameters were evaluated and the sub-index
ISC was calculated for the analysis of the Sub-Unit A (the smallest of the
entire San Vincenzo’s coastal stripe).

The calculation method for the ISC was applied for sub-units B and C,
and the values compared, in order to obtain a relative classification of
the cost of services that take advantage of the active beach at San
Vincenzo.

The CRI was 1.21 at Sub-Unit A, 0.01 at Sub-Unit B, and 1.57 at Sub-
Unit C. Particular attention should be paid to the value of 0.01 at Sub-
Unit B. This is the most urbanized portion of the coastal stripe,
although the harbor sectors were not included. It hosts 67.6% of the
concessions in the whole San Vincenzo coastal zone. Stressors are largely
diffused in the Sub-Unit; buildings are present in the 200 m distance
from the shore in all the sectors, with just two sectors not hosting con-
cessions (sectors 141 and 146). Additional ones are represented by
coastal defenses, such as a groin downdrift of the harbor mouth, and the
artificial reef mentioned in the first paragraphs of this work. A low CRI
was computed for Sub-Unit A, where buildings in the first 200 m of the
backshore were present in all the sectors. In addition, hard defenses have
been built in the last sector (134) of Sub-Unit A to contrast the waves
reflected from the harbor. In Sub-Unit C, even though coastal defenses
are completely absent, the Park is bordered by a main road running N-S.
The road is far more than 200 m from the shoreline in the northern and
central part, whilst in the southern one it reduces the coastal zone to less
than 200 m. From the other side, sand bars in Sub-Units B and C trap the
beach sands within the closure depth -between the isobath —3 m and —4
m- and together with sand dunes increase the CRI. Sand dunes were only
diffused at Sub-Unit C and are preserved by the Natural Park Authority
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Table 7
ISC calculation for Sub-Unit A.
Conc_ID Conc_area (sqm) €/day Class Eco ICO_conc Sector ID Sector area (sqm) ICO_sect ISC_sect Sub-Unit A 1CO_ 1SC
Area (sqm) Sub-Unit A Sub-Unit A
1 945 21.43 1 0.103379031 131 9141.119 0.205314037  0.45 37,361.955  17.263 0.58
2 706.1 151.50 5 0.077244374
3 225.7 170.71 5 0.024690632
4 500 95.24 4 0.048344593
5 200 153.00 5 0.019337837 132 10,32.418 0.182742561  0.09
6 1190 172.14 5 0.115060131
7 1916 21.43 1 0.178104432 133 10,757.733 0.178104432  0.03
8 766.93 21.43 1 0.107704532 134 7120.685 0.107704532  0.01

that limits the use of its territory. Channels flow in all the Units, and
although they affect more sectors in Sub-Unit B than in the other Sub-
Units, the CRI was 0.37 here.

A summary of the results is provided in Table 8, as well as in the
comparative plot maps in Fig. 4.

The three values of the ISMV differ greatly among the sub-units. In
Sub-Unit B the ISMV is less than 1. Here, all the sub-indices indicated
stressing behaviors; both the IMV and the ISC were high, and the
restorative dynamics that exist in the Sub-Unit are not balanced with the
destabilizing ones acting thereon (the CRI was less than 1). Then, the
area occupied by concessions and the high economic class further
decreased the ISMV. Obviously, the weights assigned correctly balance
the model, highlighting potential erosive feedbacks more than the
restoring ones. A similar behavior is acquired by Sub-Unit C, despite
having the highest ISMV (4.11). In fact, the CRI was 0.33 in Sub-Unit A,
while the ISMV was 1.21 (very close to Sub-Unit C’s ISMV). An ISMV
greater than 1 tends to have a low ISC, and enough surface area that is
not covered by concessions. The IMV affects these rates partially, since
none of the bathymetric sectors registered decreases in their seabed’s
quota.

Sub-Unit A is located updrift with respect to the harbor, consisting of
arestricted coastal zone bordered inland by the urban center. It covers a
surface area of 37,361.955 m? (12.8% of the total beach area, except the
harbor), 17% of which is occupied by both kinds of concessions (es-
tablishments and resorts), with different price classes (from 1 to 5 in
Table 1). They result in an ISC index of 0.58 that describes an easily
reachable accessible area, where free spaces are available, and the low
cost of the services enables access for every kind of guest. Although
longshore currents flow North to South, and directly feed this Sub-Unit,
the shoreline in the sectors closest to the harbor drastically decreased, so
artificial nourishments, and submerged defenses were needed to stabi-
lize it. The IMV was in fact very low (0.11) and depended solely on the
shoreline displacement. Nourishments are clearly a palliative action,
because the submerged structure did not work as nourished sediment
trappings. The Index of Coastal Regeneration (CRI) was the lowest
within the whole Unit (0.33). Geomorphological dynamisms in the
submerged beach were unable to build positive feedbacks, or even to
contrast the erosive trends. The ratio between stressors and counter-
actors was very low, and the restriction of the coastal zone results in an
active coastal narrowing (the average distance between the shoreline
and the urban center in the Sub-Unit is 35 m). An ISMV of 1.21 was the
medium value calculated. The pressurizing elements detailed are clearly

Table 8
Summary of the indices calculated for Sub-Units A, B, and C.
Sub-Unit A Sub-Unit B Sub-Unit C
Area Analyzed (m?) 37,361.955  73,225.420  180,592.812
IMV: Index of Morphological 0.11 1.43 1.84
Variation
ISC: Index of Services’ Cost 0.15 0.74 0.20
CRI: Index of Coastal Regeneration 0.33 0.37 4.11
ISMV: Index of Social and 1.21 0.01 1.57

Morphological Vulnerability

the main causes of the erosive trends, while potentially restorative
features have been hardly weakened through the channels’ regimenta-
tions, and the shoreline anthropized by hard defenses and harbor. The
low values of the CRI and IMV indices within the same sub-unit indicate
that the ecosystem cannot be used to enhance adaptability, or even to
restore or reduce the risk, since space to seaward or inland phenomena
does not exist. The only existing source of sediment is represented by the
small channels, for which watershed management plans are needed.
They were deeply impermeabilized to limit erosive and transport po-
tential, yet did not acquire a critical role, since San Vincenzo is hydro-
dynamically isolated from the rest of the sedimentary cell.

Sub-Unit B shows critical conditions and a residual resilience po-
tential ISMV = 0.01). Water channels, sand bars, and part of the ancient
dunes system are present. The beach covers a surface area of 73,225.420
m? (25% of the whole Unit), 32.8% of which is occupied by concessions,
mostly in the form of resorts (74% of the total concessions in the Sub-
Unit). Prices here are very high and, coupled with the high occupa-
tion, push the ISC to the highest value (0.74) within the whole Unit of
San Vincenzo. Although hard defenses were built to face the refracted
waves from the harbor entrance, the shifting of the erosive phenomena
downdrift required the building of the submerged basin that isolated
these sectors. The IMV was 1.43, which represents a medium acceptable
value in the anthropized conditions of the test site. Only 20% of the
sectors were classified with a linear variation factor of 3, and 10% with
factor 2 (see Table 3). Shoreline displacement was high in only two
sectors directly affected by the reflected waves, and the resilience po-
tential results were compromised by the ISC and CRI (0.37). The latter is
comparable with the CRI of Sub-Unit A, although Sub-Unit B has more
counteractors that are deemed to be considerably spoiled. Water chan-
nels are evidently inefficient as sediment providers; the submerged de-
fenses are a further weakness which isolated that portion of the coastal
zone, as well as the urban center bordering the backshore. Coastal
narrowing restricts the coastal zone to an average distance from the
shoreline of about 45 m where the urban center is located; that distance
reaches 200m where the Sub-Unit is bordered by the Natural Park, as in
the southern part. Part of an ancient dune system confers weak stability
to the emerged areas there, while some sand bar systems acting between
the isobath 3 and 4 m involve part of the sediments trapped from the
shore in longshore drifting. Sustainable designs for Sub-Unit B should
afford protection of the upper part through NBS and the planned
retreatment of some economic activities that could be shifted to other
Sub-Units. In particular, the high cost of the services, together with the
high density of concessions, expose the Sub-Unit to a risk of social
injustice. Access to the area becomes hard because of both the high
prices and the space available for different kinds of users. Most of the
concessions are resorts that have an average cost of 183.8 €/day,
involving hard buildings over-imposed on the coastal zone.

Sub-Unit C obtained the highest values of ISMV (1.57), CRI (4.11)
and IMV (1.84), while a very low ISC (0.2) compromised its resilience
potential. In particular, the sub-unit covers a surface area of
180,592.812 m? (62% of the whole Unit), all bordered by the Rimigliano
Natural Park. Although establishments occupy just 13% of the Sub-
Unit’s area, all of them belong to resorts. Attention should be paid to the
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Fig. 4. ISMV Index and the elements considered for its calculation are provided in the large plot map on the right. Small plot maps on the left relate to the Sub-Units

(A-B-C).

fact that five concessions occupy a total surface area close to 13,000 m?
within the whole Sub-Unit B, which is the most anthropized, and that 23
concessions cover a surface area of 21,041.3 m2 The prices are the
highest in the area (average value of 241.85 €/day), and the ISC is
notably affected by that. On the other hand, an area of 49,184.120 m? is
totally accessible for free, which would truly increase the ISMV of the
whole Unit if we calculated it to a Unit scale. Benefits of the strong rules
adopted in the Natural Parks also consist in the low number of conces-
sions, and the inexistence of coastal narrowing phenomena. The back-
shore here consists of ancient dune systems and reclaimed areas that
leave the hard borders at a distance of over 200 m (except for the
southern sectors). Other geomorphological elements that should be
preserved are the sand bar systems on the active submerged beach, and
the two channels flowing in this Sub-Unit. Even if they have been arti-
ficially canalized, their regenerative potential is very high. The ISMV is
comparable with that of Sub-Unit A, considering the risk of social
injustice (ISC). The Index of Morphological Vulnerability (IMV) is the
highest in the Unit; 37% of the beach sectors had a factor of linear
variation of 3, and 21.4% of 2. Within this Sub-Unit, the longshore
currents drift inversely (S-N), and the only channel on the southern part
is canalized and defended as an internal berthing area for boats.

A graphical comparative approach of the behavior of the indices, and
of the most appropriate management strategies they support, are sum-
marized in Fig. 5.

4. Discussion

The management of beaches usually follows non-cross-disciplinary
technical criteria (Rangel-Buitrago et al., 2020). It is common to
decide on the construction of port infrastructures based on environ-
mental parameters of sedimentary dynamics, the actions of regeneration
of the sand line based on geomorphological criteria, or the authorization
for the implementation of small temporary concessions in maritime

public spaces, such as bars or leisure areas, based on socio-economic and
urban criteria (Pranzini et al., 2015). The absence of a heterogeneous
and multidisciplinary approach makes it difficult to implement issues
such as the concept of social justice in public spaces traditionally of high
social demand in developing countries such as beaches. In this context,
the new mixed approach proposed using multivariate spatial indicators
is very interesting when conducting a holistic analysis of the vulnera-
bility and resilience potential of our beaches.

In developed countries with high levels of territorial anthropization
on the coast; where beaches are a fragile asset of high economic value,
this new approach becomes even more necessary. The current authori-
zation of private uses in the public space of the beaches is usually
controversial, but for environmental reasons, rather than for a question
of social justice. The long delay in time of cause-effect relationships in
coastal phenomena implies that on many occasions criteria of social
justice are not properly applied to political decisions when transforming
the coastal territory. In Mediterranean countries, it is common to find
social controversies in coastal areas about phenomena whose current
effects are the consequence of actions carried out in the 1960s, 1970s or
1990s for example.

On the Spanish Mediterranean coast, for example, we can find
various cases in this regard. A common controversy usually concerns the
north-south imbalances that occur on the beaches as a result of the
construction of a marina (Garcia Ayllon, 2018a,b). Apart from the
overall economic benefit that said infrastructure produces in the area,
this usually produces a tourist damage on the beaches located south of
the port that tend to be reduced due to the lack of sedimentary inputs,
compared to those in the north that tend to be enlarged (see the impact
on the beach line of the construction of the port of San Pedro del Pinatar
(Spain), in Fig. 6).

This problem can have relevant social implications if it goes to the
extreme of making the beach disappear. A case with strong social con-
sequences is that which occurred at the mouth of the Rio Segura in the
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Fig. 5. Comparison between the ISMV and the sub-indices (the weight of each sub indicator in the total ISMV can be inferred for each of the Sub-Units, the sub-plots
show the application of each of the most common coastal solutions supported by the indicators).

Fig. 6. San Pedro del Pinatar marina’s impact on the sand line in south-eastern Spain.

province of Alicante (Spain). The dredging and widening of the mouth in
the 1980s, together with the construction of several breakwaters, caused
a strong retraction of the beach line to the south (Pagan et al., 2019),
leaving many houses built over a hundred years ago exposed to the tide
(Fig. 7). However, the time lag of cause-effect relationships, together
with the existence of other anthropic phenomena in the area, have made
it difficult to carry out an objective diagnosis to settle responsibilities
(Pagan et al., 2017). This situation highlights the need to determine the

potential for sedimentary resilience in coastal areas such as beaches,
beyond geomorphological, but rather social, issues. In this sense, it is
quite interesting that the vulnerability of these areas can be parame-
terized by spatio-temporal indices that help to better understand their
behavior from a multidisciplinary approach.

Distinguishing responsibilities and the establishment of actions to
restore social justice is even more complex when we find ourselves in
heavily anthropized coastal territories. In such a context, a
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Fig. 7. Transformation of the mouth of the Segura river and the beach line between 1956 and 2019 (above). Neighborhood protests for the destruction of centuries-
old houses by waves and storms due to the disappearance of the beach (below). Source: Insituto Geografico Nacional de Espana, and Plataforma vecinal
Playa Babilonia.

Fig. 8. Los Nietos island harbor’s evolution from 1956 to 2019. Source: Sistema de Informacion Territorial de la Region de Murcia.
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multidisciplinary approach based on multivariate indices for spatial
analysis becomes more necessary. An illustrative case of this phenom-
enon can be found in the towns of the Mar Menor, a coastal lagoon
located in the southeast of Spain. For example, the arrival of tourism in
the 1970s led to the transformation of Los Nietos, a fishing village with a
small beach. Breakwaters were built to increase the beach line, as was an
island-type port to shelter leisure boats, without hindering the sedi-
mentary dynamics of the area (Garcia Ayllon, 2018a,b). However,
several decades later the result is that the new beach has become a large
accumulation of mud that generates protests from all the residents of the
town, forcing the authorities to invest in actions to regenerate the beach
and withdraw the sludge every year, although there is no clear diagnosis
of the problem having been established (Fig. 8).

It has been possible to evaluate all these issues objectively in the case
study presented thanks to the use of the proposed new approach. In the
specific case of San Vicenzo on the coast of Italy, the ISMV index was
calculated for three Sub-Units (A, B, and C) divided on a morpho-
sedimentological base to determine the resilience potential (Bianco
et al., 2020). Even though both Sub-Units A and B are bordered by the
urban center, only Sub-Unit B presented an ISMV close to zero (0.01).
For Sub-Unit A, the ISMV was 1.21, but the highest value was found for
Sub-Unit C (bordered by a Natural Park, with 1.57). Although these
would results appear logical if related with the presence/absence of
urban areas and natural areas, we can observe that the values of
Sub-Units A and C were quite similar. The sub-indices that configure
ISMV better explained the behavior of the latter and gave indications to
adopt and to support resilience. Results from previous studies (Benassai
et al., 2015; Ietto et al., 2018) support the conclusions obtained and
were considered when setting useable indices for future advances in this
matter. They analyzed the risk of exposed values being damaged, or
even of citizens being injured. The hazard that arises from the present
vulnerability assessment relates with the risk that the sedimentary stock
of the active beach (managed at a local level) could be spoiled and not
regenerated, and should therefore be integrated within these
methodologies.

On the other hand, resilience assessment was also carried out
considering approaches from previous studies based on diagnostic in-
dicators (Garcia-Ayllon, 2017; Rumson et al., 2019). The resilience of a
coastal area to the anthropic effects of human beings over time can be
measured in different ways depending on how these anthropic effects
materialize. Different effects that coastal infrastructures such as ports or
breakwaters have on the stability of the beach and the configuration of
the adjacent shoreline can be easily observed within different Mediter-
ranean areas (see for example Garcia Ayllon, 2018a,b). The indices
calculated for this area were indicative of the negative social effects of
maritime structures on the bathing water, as well on the shoreline
displacement, causing various imbalances in the local sedimentary dy-
namics. In this sense, the calculated indices are very illustrative of the
different vulnerabilities of each of the analyzed sub-units, showing
which corrective actions to take in the face of a sedimentary equilibrium
more oriented to a criterion of social justice in each of the sectors
evaluated.

From the point of view of policy implications in the area of study,
numerous studies have been put forward that propose interesting di-
agnoses and proposals from analyses based on local spatial indicators
(see Anfuso and Martinez Del Pozo, 2009 or Ietto et al., 2018). However,
all these studies highlighted certain limits. They comprised geomor-
phological features which are usually missed to properly set the
analyzed system, data sources and numerous metrics which are hard to
evaluate at a large scale (beyond regional). Such limitations have been
partially solved in the present study by restricting the assessment to a
local administrative level, where nature-based resolute strategies could
be integrated.

Protection defenses could be designed which are nature-based ori-
ented and based on sustainable criteria. Further research into this aspect
should be conducted on the beach rock deposits mapped and frequently
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used as nourishment material (see Bianco et al., 2020). Feedbacks from
these kinds of deposits are ambiguous (Calvet et al., 2003; Cooper, 1991;
Vousdoukas et al., 2007), and generally the beach rock is exposed where
erosive patterns act. Past management plans focused on artificially sta-
bilizing the shore by creating hard borders, with a controlled density of
concessions. The surface area could be further utilized to host sustain-
able and removable businesses. They should serve to maintain the low
ISC while respecting the medium to low economic classes.

With respect to the concessions of the maritime territory, they should
be relocated at a greater distance, or at least the services’ prices should
make them more accessible. The processes that could be supported are
the ones related to water channels, which here should also be managed
at watershed scale, as well as the sand bars that should be preserved to
avoid modification of the longitudinal profile of the beach.

Finally, the trends obtained by the indices confirm the geomorpho-
logical ones. They highlight the effects of the submerged canyon in the
southern sectors, which acts as a trap for the discharged sediment
(Bianco et al., 2020). Nonetheless, in the same Sub-Unit the ISMV shows
that the ecosystem could be supported to maintain the resilience po-
tential. It could also be increased by reducing the price of the services, or
even issuing additional concessions inspired by nature-based solutions
for example.

5. Conclusions

This research aimed to investigate the resilience potential of sandy
beaches in heavily anthropized contexts. A model that integrates
vulnerability categorization and territorial diagnostic indicators was
applied to a real case study in the San Vincenzo coastal area in Italy.
Indicators enabled different groups of elements in the coastal system to
be combined, and their feedbacks to be observed in a cause effect-
oriented analysis. The Index of Social and Morphological Vulnerability
(ISMV) constituted the morphological variation of the coastal zone, and
the economic data was the price of the services offered at the test site.
These economies directly interact with the sedimentary stock since they
consist of the establishments and resorts that rent beach spaces during
the tourist seasons or even on a permanent basis.

The ISMV index was calculated for three Sub-Units of the study area
at beach level. It was found that at unit level, the area affected by a high
vulnerability to erosion covered 33% of the sectors, whilst 19% had a
medium vulnerability, whilst the remaining 48% ranged between sta-
bility and accretion. Through the sub-indices calculated to derive the
ISMV the most common coastal solutions were indicated for each of the
sub-units. In the areas with high IMV, the continued usage of land at risk
could be supported to enable the conservation of the ecosystems.
Contrarily, high values of ISC correspond to a relevant risk of accessi-
bility reduction, thus considering the planned retreatment of some
concessions as a strategy. Finally, CRI relates with the possibility to
support the ecosystem, where the presence of a preserved coastal zone
between the coastline and urban areas allows for ecosystem develop-
ment. The sub-division of the area reflected the coastal dynamic trends,
which differ among the three sub-units, as well as singling out two
administrative domains of the maritime territory: the municipal au-
thorities and the Natural Parks entity.
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