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Abstract: Coasts are characterized by high biological and ecological productivities, and are theatre of
strategic economic activities, including tourism, fishing and aquaculture. Both anthropic and natural
hazards can thus affect coasts, causing their deterioration. The monitoring of coasts in terms of
evolution, adaptation, contamination and resilience, is a pivotal point composed of both classic
measurement approaches, and innovative approaches as remote sensing and the use of unmanned
aerial vehicles. In the last years, climate change is increasing its effects all over the world and coasts
are a delicate system suffering these effects particularly. Climate change has important impacts on
coasts, with a serious consequence represented by sea level rise. The latter causes coastal erosion,
leading to ecological and economic issues and with consequences for human health. The
Mediterranean Basin, which has always represented an important crossroads of different civilizations
and economic and cultural exchanges, is now threatened by the consequences of climate change. This
area is decribed as an example of coastal system of strategic importance and subjected to serious
challenges. Engineering interventions are countermeasures to cope with coastal erosion and coastal
degradation. These countermeasures are aimed at protecting the coasts and the populations living on
the coasts. The types of intervention can be defined of hard engineering, as in the case of fixed
structures in concrete, and of soft engineering, with structures of protection builted according to the
principles of nature. Engineering procedures provide coastal benefits, although they can cause further
coastal damage. It is thus necessary to protect the coasts and the same time actions aimed at mitigating
climate change must be implemented, according to the rules of sustainability.

Keywords: coasts monitoring; climate change; sea level rise; coastal erosion; hard engineering; soft
engineering

1. Introduction

Coasts represent a complex system that can change in response to various geomorphological
and marine forces, showing an underlying morphodynamic equilibrium. Coasts are characterized by
activities as tourism and fishing. Over the years, populations has concentrated in the coastal areas of
the world and still it is growing in these sites. Considering the world population, about 40% live
within 100 km of the beach and over 10% live at altitudes below 10 m above sea level. Coasts are thus
systems under intense pressures from activities as tourism, industry, agriculture, fishery and
aquaculture [1]. The anthropic pressure at coasts interfers with natural processes, such as sediment
dynamics. In fact, the presence of constructions and defence barriers at coasts, including ports,
infrastructures for industrial and recreational activities, interventions of river basins modifications
and regulation of watercourses for the supply of water resources for drinking use, or for the use of
water in agriculture for irrigation and for industrial processes, all these interventions can cause
modifications to the coasts. Again, the expansion of cities has involved coastal spaces and caused the
alteration of the morphology of structures such as beaches, dunes, deltas and river estuaries,
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evidencing phenomena of erosion, accumulation of sediments and shoreline changes. Ports can also
cause coastal erosion by altering wave patterns. In the last century, coastal processes have undergone
alterations and, consequently, there has been a degradation of ecosystems, with modifications of
coasts, in particular with the increase in coastal erosion and related risks [2]. Communities living
close to coasts face severe challenges that are exacerbated by a growing population coupled with an
aging of existing infrastructure [3].

The effects of climate change are the causes of a significant increase in coasts vulnerability.
Changes occurring at the coastal level, including reductions in river sediment inputs, modifications
in offshore bathymetric levels and in wind and wave pathways, can have a major impact on coasts
and cause coastal erosion. Climate change produces an intensification of the frequency of extreme
events such as increased levels of flooding, changes in coastal landforms and shoreline modifications,
changes in coastal transport rates, and finally coastal erosion. The erosion phenomena is considered
one of the most relevant consequences of climate change, in particular the sea level rise and the
increase in adverse atmospheric phenomena. Coastal flooding could amplify beach erosion and salt
intrusion, thus posing a serious danger for people living on the coasts and for related social and
economic activities [4]. Sea level rise is one of the most dangerous consequences of global warming
on the coasts. In fact, sea level rise could increase by up to 1.10 m by the end of the twenty-first
century. Furthermore, it is expected that this phenomenon will not stop, but will record further
increases even after the end of the century. Over the past two decades, sea level rise has shown a rate
of 2.5 mm yr'. In low-lying coastal areas, its rate showed values four times faster, with mean relative
sea level rise ranging from 7.8 mm to 9.9 mm yr~' [5]. Due to climate change, sandy coasts are subject
to an important erosion and nearly half could disappear by the end of the century. Without coastal
protection measures and assuming the worst climatic conditions occur, by the end of this century
there could be an increased risk of flooding for 48% of the world’s land surface, and therefore 52% of
the population and 46% of global resources likely to suffer serious damage. [6]. Climate change can
alter sea levels, wave conditions, storm surges, and river flows, with significant impacts on the coast.
These changes may cause an increase in the number of extreme weather-related episodes [7]. Climate
change can modify wave characteristics, with changes in mean swell leading to changes in coastal
drift and the amplitude and frequency of the wave oscillation cycle. Additionally, changes in extreme
waves could also cause major increases in coastal erosion [7]. An important element of coastal climate
change is storm surges that may play a role in sea level rise and coastal erosion. Significant sea level
rise can therefore lead to extreme coastal erosion events [8]. In addition, large variations in river flows
and increases in relative sediment displacements, induced by the expansion in evapotranspiration
phenomena and by changes in the intensity of rainfall and snowfall, are consequences of climate
change [7]. It therefore emerges that the coasts are very exposed to the impacts deriving from the rise
in sea level, caused primarily by climate change. Climate change induces modifications in wind
intensity, wave energy and sea level rise, causing severe coastal damage such as flooding and erosion.
These are very serious problems that require urgent action [9].

In this review, the critical situation of coasts was described, focusing on the need of coasts
monitoring and also the use of sofisticated approaches. Phenomena of coasts deterioration due to sea
level rise and erosion were reported, evidencing serious issues affecting coasts, in particular
concerning the coastal area of the Mediterranean Sea. Possible engineering interventions aimed at
contrasting coastal degradation were also described, highlighting the role innovation and research
can have in restoring coasts and improving the quality of the environment and the human health.

2. Coasts monitoring

Coastal monitoring and data collection are of considerable importance, also for economic and
social aspects. Coasts are the border between land and water and it is necessary to have good methods
for their examination and to evaluate the best approaches. Coastal monitoring can be achieved by
using traditional methods of water quality monitoring, such as the evaluation of the extent of
sediment inputs, sediment balances, sea level measurements using tide gauges, with the latter that
have been used for over a century. These approaches have been combined with modern observation
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techniques such as satellite altimetry, which represent a fundamental support in studies on climatic
change and sea level rise at coastal level. In recent decades, tool innovation coupled with remote data
acquisition, processing and storage has enabled applications to be extended to a large number of
users and coastal problem managers (Figure 1). Measurements of sea levels involve both the use of
tide gauges and satellite observations, which together can provide a global description of sea level
change. However, monitoring sea level rise and related impacts on coastal areas it is of fundamental
importance. The Intergovernmental Panel on Climate Change (IPCC), along with local and national
governments, are involved in developing sea level rise monitoring for coastal regions protection [10].
As an example, the mapping of the seabed can be done through the use of sonar by acoustic waves,
giving information from sea depths. Nevertheless, in the presence of storms and due to the presence
of tidal currents, data integration can be difficult. These integrations can be obtained using indicators,
or by using Global Positioning System (GPS), or the method of Light Detection and Measurement
(LiDAR), or three-dimensional (3D) terrestrial scanners [11]. Normally, measurements in situ are
complicated to get. Other methods of investigation such as remote sensing are also utilized. Remote
sensing allows the detection of information about objects and sites that are located at a distance,
generally through the use of aircraft or satellites [12] (Figure 1). Unmanned aerial vehicles have
gradually had an increasingly widespread use for coastal monitoring, because they can give an
important support in harvesting information forprocessing of images and characteristics of the coast.
To detect coast modifications, reference points are of fundamental importance to select a reference in
the coast. These reference points must be selected considering both the space-time sense and the time
scale. Detection of coastal changes must take into account the wide variety of reference points
allowing elaboration of geomorphological information, tide measurements or the configuration of
vegetation [13]. Coastal environments include different profiles and there is no one indicator that can
be used for all profiles and that can adapt to any coasts features. The reference points therefore can
change according to coastal profiles and to the aims of monitoring. It is noteworthy to highlight that
reference points to be used in monitoring of coasts have a pivotal role and can influence the whole
monitoring process. The reference points must thus be able to evidence coastal modifications, and at
the meantime they should not be influenced by the same modifications [1].

Phenomena of coastal erosion must be detected both considering natural and anthropic causes,
in order to plan interventions procedures against erosion of coasts, allowing their sutainable
resilience. The monitoring of coastline modification can be achieved by traditional methods including
topographic maps interpretation and aerial imagery, consisting in a complex and time consuming
approach. Moreover, the obtained information can be not exhaustive in terms of spatial scale and
local detail, and more recent time intervals may not be fully covered. In order to overcome the
limitations in spatio-temporal resolution, access to large satellite database and use of sustainable
technologies can give important solutions. An easy approach to achieve information by these new
technologies is represented by the unmanned aerial vehicle (UAV) technology. The latter represents
an innovative approach for coasts monitoring, offering the possibility to acquire spatio-temporal
information from various sites [14]. In recent years, unmanned aerial vehicles applications for
monitoring of different environments has considerably increased. Monitoring of coasts by unmanned
aerial vehicles can detect shoreline modifications and degradation of coastal areas. Moreover, future
impacts at coastal level can also been predicted [15].

Floating macroalgae blooms pose multiple dangers to coastal environments, with effects on the
tourism economy, the safety of ship navigation and possible concerns for public health. Unmanned
aerial vehicles are characterized by high detection times frequency, relative low costs, and can include
lightweight sensors thus achieving the capability to detect algae at diverse wavelengths. All these
features confer to unmanned aerial vehicles the capability to detect algal blooms. The wavelength
range in which unmanned aerial vehicles can operate is visible light at 500 nm to near-infrared light
at 1,400 nm. In classical investigation techniques, water quality is detected by manual sampling in
the field followed by laboratory analyses, in this case the concentration of chlorophyll-a (Chl-a) is
detected. In addition to this type of analysis, the use of an unmanned aerial vehicle allows the
quantitative mapping of the Chl-a distribution in surface and coastal waters from low altitude.
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Traditional laboratory analyses combined to analyses obtained using unmanned aerial vehicles will
allow to comprehend the causesat the base of the blooms, which could depend on climate change.
This type of approach can provide details on sites and amount of algal bloom and can fournish
information for possible actions against this phenomenon [16] (Figure 1).

Coastal zones can have an important role in the perspective of sustainable development, as they
are home to the majority of the population in a specific area and play a key role for the communities
well-being. The pressure from population, along with the criticality of climatic and environmental
factors altered by climate change, can multiply criticalities at coastal level. Damage and losses are
therefore noted in low-lying coastal areas. The method of Coastal Risk Index at the Local Scale (CRI-
LS) can give evaluations of fractures, weakness, hazards and risk indices according to evaluations
including physical, environmental and socio-economic factors. This approach represents a valid
pillar to make decisions on the coast management and contribute to the conservation of the coasts for
future generations, thus defending the sustainable development objectives of the 2030 Agenda
launched by the United Nations with the aim of eradicating all types of poverty [17].

Following the definition of transitional waters by the Water Framework Directive (WFD,
European Union CE 2000/60) “bodies of surface water in the vicinity of river mouths which are partly
saline in character as a result of their proximity to coastal water, but which are substantially
influenced by freshwater flows”, it must be consider that these ecological systems are taken into
account by monitoring programs of the European Union (EU) Water Framework Directive (WFD, CE
2000/60). In this context, the monitoring of coastal lagoon ecosystems that follows Water Framework
Directive guidelines shall include investigations on the biochemical composition of organic matter in
sediments, as the latter contain the memory of contamination and of the site characteristics in general,
thus providing a comprehensive delineation of these dynamic ecosystems [18].
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Figure 1. Monitoring approaches at coastal level, including laboratory analyses, in situ measurements,
use of remote sensing investigations and detections by unmanned aerial vehicles (UAV).

3. Sea level rise (SLR)

Until about the mid-1800s, sea level rise was detected at values lower than 1 mm yr~, but after
this period, there was a faster sea level rise than previously recorded. Causes of sea level rise depend
by different agents, including climate change, structural reasons and human factors [19]. Climate
change comprehends the effects of occasional changes, with climate variations, and the increases in
the concentrations of greenhouse gases. These effects can cause a thermal expansion of the oceans
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that is one of the main causes of sea level rise. Increases in greenhouse gases emissions are the reasons
of the higher temperature detected in water bodies, evidencing modifications in sea water density at
constant values of the relative mass. As the temperature increases, an increase in the volume of sea
water can be observed, triggering a sea level rise (Figure 2). In recent years, a clear trend to increases
in seawater surface temperatures has been observed and since 1960, thermal expansion has been
thought to be responsible for approximately 25% of sea level rise [20]. In the period from 1993 to 2009,
thermal expansion has been considered the cause of the 30% of sea level rise around the world, and
by 2100, thermal expansion will cause a sea level rise greater than 12 cm [21]. Melting of the
Greenland and Antarctic ice sheets, in addition to the melting of glaciers and small ice sheets are
processes caused by climate change, inducing increased values of sea level rise. From 2003 to 2010, a
major decrease in ice mass and ice sheet mass of about 148 + 30 Gt yr~ was recorded, together with
increases in continental glacier melt, resulting in sea level rise of about 0.41 + 0.08 mm yr [22].
Antarctic glacier melt affected sea level rise by about 10.8 mm from 1992 to 2018 [23]. The melting of
glaciers and ice sheets, in consideration of the important recent increases in greenhouse gas
emissions, represents the main cause of sea level rise, registering contributions equal to about 50%
[24]. Further increases of sea level rise are likely to be expected in the future, considering the difficult
situations and the many factors involved in this phenomenon [22].

Structural changes are important agents that play a role in sea level rise as they can cause ocean
basin shrinkage, leading to ocean volume decrease,and land subsidence may develop due to tectonic
movements and structural subsidence.The entity of influence of structural modifications on sea level
rise can be estimated in about the 10%. Nevertheless, depending on local conditions, structural
modifications may have a role far exceeding the effects caused by melting of glaciers and those
originated by the thermal expansion of the oceans [25] (Figure 2).

Man-made modifications including mining of water and oil, decrease of forests and construction
of dams along rivers, can cause subsidence in coastal areas, inducing lower values of land elevation
as respect to the sea level, thus contributing to sea level rise [10]. Groundwater extraction, along with
irrigation and deforestation, can cause variation in inland waters, affecting sea level rise, as in the
case of fresh water sites replacing in the coastal zone. As regards to construction of dams along rivers,
this phenomenon was particularly evident during the second half of the twentieth century, and led
to a reduction of the introduction of sediments into river mouths with consequent sea level rises [26].

All these factors influence sea level rise with values equal to 30%, 50%, 10% and 10% for thermal
expansion of the oceans and melting of glaciers, both originated from climate change, man-made
modifications and structural modifications, respectively [27] (Figure 2).
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Figure 2. Causes of sea level rise (SLR), including climate change, structural modifications and man-
made modifications. Cascading effects have been included.

For most of the twentieth century, tide gauges highlighted sea level rise measurements included
in a range from approximately 1.2 mm yr-1 to about 1.7 mm yr-1 [28]. According to monitoring during
the past 10 years, satellite-based measurements showed an acceleration of sea level rise, with average
values that from about 3.4 mm yr-1 has reached values of about 4.8 mm yr-1 [29]. Models used for sea
level rise projections include uncertainties concerning the intensities of hereafter greenhouse gas
emissions, climate change and ice melt contribution. By 2100, values of sea level rise are supposed to
vary from a minimum of ~50 cm to a maximum of ~310 c¢m, as a function of greenhouse gas emissions
and the Greenland and Antarctic ice sheets melting [30]. Sea level rise increase by the end of twentyfirst
century represents a high risk for more than 3 million people that are at risk for every 2.5 cm of sea level
rise and for one billion people living within 10 m above high tide [28]. Compared to the past,there have
been frequent high-risk episodes related to climate change in the twentyfirst century. Even considering
the Paris Agreement on climate change, it is assumed that sea level rise will continue to develop even
after greenhouse gas emissions have been reduced by 2050. Furthermore, populations living on coasts
will be the most exposed to the risk of flooding [28,31]. Sea level rise is projected to continue after 2100
for decades and even centuries into the future. Even without further greenhouse gas emissions, due to
the countermeasures adopted, the inertia of sea level rise will continue. The increase will be of
approximately 66 m of total sea level rise in the future, consistent with the potential that exists if the ice
sheets and glaciers of Antarctica, Greenland and the mountain glaciers were to melt [29]. Sea level rise
poses a serious threat to coastal regions which are prone to increased vulnerability resulting from
extreme marine events such as flooding, submersion and coastal erosion and these effects could also be
exacerbated in the coming decades [32].

3.1. Coastal flooding

Coasts are characterized by various morphological types including estuaries, beaches, dunes,
low and high cliffs and steep mountains. Obviously, the most vulnerable type of landforms are the
lower-lying coasts, which are often subject to flooding caused by wave action and large storm surges
acting simultaneously at very high tides. Based on the effects that sea level rise can cause, it is very
likely that in the future flooding will occur more frequently at higher elevations and not just at lower
coasts. Sea level rise will also be followed by permanent floods and the consequent loss of beaches
and coastal wetlands [28]. Coastal nuisance floods are low-level floodings that do not pose a
significant threat to public safety or cause serious property damage, but which can disrupt routine
daily activities, cause problems such as flooded roads and overloaded stormwater systems and which
can give rise to serious inconveniences for people and can represent an optimal habitat for bacteria
and mosquitoes. Since 1950, the total number of nuisance flooding events has grown exponentially.
An increase of 27% more nuisance flood events was recorded in 2019, with the most representative
events occurring in estuaries [33]. Coastal flooding particularly damages densely populated coastal
cities. In these densely populated coastal cities, rising sea levels and extreme weather events may be
a trigger for climate-induced migration, with the poor, women, children and ethnic minorities being
the most vulnerable [28].

3.2. Salinity intrusion

Sea level rise has negative impacts arising from the intrusion of salinity into freshwater which
causes reduction in the growth of freshwater aquatic species and alters the balance of the ecosystem.
Furthermore, salinity intrusion into freshwater can reduce coastal agricultural areas, limiting
agricultural production, restricting grazing areas, and increasing the cost of freshwater supply for
livestock, again due to salinity intrusion. Other activities that take place along the coasts and that are
affected by this phenomenon are represented by fishing, agriculture, forestry, the energy sector and
transports, as road and rail infrastructure can also be subject to erosion from saltwater intrusion [28].
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3.3. Coastal erosion

The phenomenon of coastal erosion is represented by the long-term loss of sediment within coastal
zones following changes induced by wind, waves and currents. Such hydrodynamic forces that occur
along the coast allow for the transport and loss of sediments that provide material for the development
of dunes, beaches and marshes in the natural coastal cycle. Coastal erosion can be exacerbated by the
combination of natural forces with the effects of climate change. In this context, sea level rise is
responsible for long-term coastal erosion [34]. Coasts are highly sensitive regions and whenever erosion
occurs, it must be considered that tackling erosion problems along a sandy coast is different from
tackling erosion that has developed along a muddy coast, or a mangrove coast, or with clay or
rock.Features such as cliff and coastal mountains are areas of higher elevation and more vulnerable to
coastal erosion caused by wave action at high tide or at high sea level. For an effective control of erosion
phenomena in particularly sensitive stretches of coast, it is necessary to pay close attention to the detail
of the coastal morphological characteristics and the existing wave motion [35]. In the coasts with
mangrove, sea level rise can promote coastal erosion, following the decrease of the mangrove
ecosystem, both in terms of quantity and with the reduction of biodiversity, as the increased salinity of
the water selects for the more resistant species among these plants [34]. Coastal erosion can cause
damage to infrastructure such as outages in power plants, fuel lines and other facilities located in coastal
areas, thus causing increases in energy and infrastructure costs. Wave energy can reach and damage
both the base of coastal cliffs and dunes, causing increased rates of erosion. Coastal threats will have
economic impacts such as passive erosion and gradual beach loss [28].

4. Mediterranean Sea coastal areas

Coastal areas of the Mediterranean Sea are subject to important climate change impacts, with
resulting extreme weather events, and to human-induced pressures such as building houses along
the coasts, with an increasingly high vulnerability. The coastal areas of the Mediterranean basin are
affected by climate change which includes rising sea levels with the resulting risks, storms, droughts
and coastal erosion. Furthermore, these phenomena are expected to continue into the future as well.
The level of sea in the Mediterranean will likely rise by values ranging from 7 cm to 12 cm by 2050
and the greatest sea level rise will occur on the eastern and southern coasts of the Mediterranean [36].
In the Mediterranean region, coastal areas will be subjected to sea level rise and possible storm-
related flooding. These phenomena will put low-lying areas in serious danger of submersion with
damage to coastal activities and the beaches will also be more vulnerable to erosion. Marine habitats
and coastal ecosystems in the Mediterranean region are also threatened by the risk of loss. Sea level
rise is a concern for some regions of the Mediterranean basin and regarding future sea level changes
in the Mediterranean, the Intergovernmental Panel on Climate Change (IPCC) has reported
projections of sea level rise sea in the range of 10 to 30 cm by 2050 and 10 to 90 cm cm by 2100, with
severe impacts on the southern Mediterranean region [37] and a future increase in storms in the
Adriatic and Aegean seas [38]. In the coastal region of the Mediterranean Sea there is about 46% of
low sedimentary coasts such as beaches, dunes, reefs, lagoons, estuaries and deltas. The coasts of the
Mediterranean are therefore more changing than the rocky coasts, based on the balance that is
established between the force of the sea and the contribution of sediments, so as to determine the
growth of the coast, or its erosion or stability [39]. The stability of the coasts can be influenced by the
presence of artificial interventions in the coastal areas. In the Northern Mediterranean, the 25% of
coast is affected by erosion and along the same Northern Mediterranean coast there is 10% of marine
defenses [39]. The northern coast of the Mediterranean was transformed by artificial interventions
during the twentieth century, with an extension of 1,500 km. The current increase in sea level rise will
accelerate coastal erosion causing higher waves and inducing changes in current dynamics, thus
affecting sediment balances. These sea level rise effects depend on wave and current action, coastline
type and geomorphology, and will cause coastal erosion to increase.Furthermore, increased
frequency of storms and moderate winds may further contribute to coastal erosion [40]. In the period
between 1960 and 1989, information on sea level rise in the Mediterranean Sea, obtained by
combining tide gauge and altimetry data with sea level fingerprints of contemporary land mass
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changes, showed that sea level in the Mediterranean fell at an average rate of -0.3 + 0.5 mm yr, due
to an increase in atmospheric pressure over the Mediterranean Sea basin and land inputs. Level of
sea water in the Mediterranean started to accelerate rapidly after 1989, and in the period from 2000
to 2018, due to currents changes and ice melting, values stabilized at an average rate of 3.6 £ 0.3 mm
yrl. The rate of sea level rise showed significant modifications in the Mediterranean Sea, mainly due
to changes in the large-scale circulation of the Mediterranean basin. Since 2000, the higher levels of
sea level rise have been evidenced in the Adriatic, Aegean and Levantine seas as respect to values
detected in other parts of the Mediterranean Sea [41].

It is noteworthy to highlight that over the past three decades, in the Mediterranean Sea the global
mean sea level has risen to a value of ~3.3 mm yr! faster than twice the values recorded during the
twentieth century. This increase is due to enhanced melting rates of land glaciers and thermal
expansion of the oceans [42]. These processes cause highly variable behaviors of sea level change,
due to the fact that the local rate of sea level change can be modified by global modifications. The
high variability in the sources of global sea level rise highlighted the need for accurate investigations
at a local level [41]. In the period from 1960 to 2000, sea level in the Mediterranean remained at
constant values or showed a slight decrease, while in the same period, in the eastern North Atlantic
sea level has risen by more than 1 mm yr~ [43]. During the period 1960-2000, small rates of sea level
change only, have been observed in the Mediterranean Sea. These sea level changes were at least in
part due to a constant increase in the atmospheric pressure over the Mediterranean basin which was
related to the North Atlantic Oscillation (NAO) [44]. Since the 1990s, in the Mediterranean Sea it has
been detected an important increase in the rate of sea level rise, with an average rate of 2.7 mm yr-!
over the period 1993-2017 [45], in line with global average rate. Sterodynamic changes, including
ocean density and circulation, along with melting of land ice could have originated the increase of
sea level rise in the Mediterranean [41].

The Mediterranean area is characterized by a high population density, with the presence of rapid
demographic, social, economic and environmental changes. During the period from 1960 to 2010, a
doubling of the population from 240 million to 480 million has been recorded in the Mediterranean
area, with the urban population showing an increase of 20% [39]. In the Mediterranean countries, the
pressure exerted by these elements is further amplified by the effects of tourism which has been
registered in continuous growth and mainly along the coast. Other agents affecting the
Mediterranean coastal area are represented by climate change. As a consequence, sea level rise and
associated hazards are expected to have significant increases in the Mediterranean basin during the
twentyfirst century [46]. To deal with these threats, political decision makers and coastal
administrations in Mediterranean countries require estimation of impacts and levels of vulnerability.
To reach these goals it is thus necessary to collect a high amount of information on various aspects,
from physical and ecological to socio-economic patways at level of the Mediterranean coastal area
[47]. Risks associated to climate change, including sea level rise, storms and droughts, can heavily
affect Mediterranean coastal areas [48], with the highest evidence in Eastern and Southern
Mediterranean coasts. Sea level rise and flooding will represent serious challenges in the
Mediterranean basin, along with losses of coastal and marine habitats and related ecosystems. The
primary risk during the coastal-level assessment is the management of hazards related to future
impacts of marine storms [48]. Moreover, climate change has a role in inducing drying trends, with
droughts mainly centered in countries of the western portion of Mediterranean, including Greece and
the Middle East. Besides, it is expected that droughts will intensify in the future in the Mediterranean
region, with water scarcity representing a major concern. Effects of droughts coupled with those
triggered by sea level rise and storms represent serious concerns for estimation of coastal erosion [36].
Several Mediterranean coastal hotspots were reported in Table 1.

4.1. Mediterranean Sea monitoring

The Mediterranean coasts are affected by extreme climate change episodes, coupled with
human-induced pressures, increasing vulnerability. Monitoring is thus of extreme importance in this
area and an example is the method of Coastal Risk Index allows risk assessment in the Mediterranean
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region (CRI-MED). Through this methodology it is possible to achieve the integrated assessment of
risk and vulnerability as respect to the physical and socioeconomic impacts of climate change and to
other forces acting at coastal level. The CRI-MED method gave information on risk evaluation in
eleven countries of the Mediterranean basin, counting Albania, Algeria, Bosnia and Herzegovina,
Croatia, Egypt, Libya, Montenegro, Morocco, Palestine, Syria and Tunisia. Later the CRI-MED
method was used to measure risk in France, Greece, Israel, Italy, Lebanon, Malta, Slovenia, Spain,
and Turkey. This approach can detect the possible consequences climate change effects can have on
coastal ecosystems and on populations living at coasts of the Mediterranean Sea [36] (Table 1).
Identification of coastal hotspots in Mediterranean area is finalized to highlight interventions by
policy makers and administrators by taking into account the the evaluations based on Integrated
Coastal Zone Management (ICZM). This approach enables identification of convenient coastal sites
to be allocated for urban settlements and for others economic and social actions [36]. Another
approach for monitoring the Mediterranean basin, defined as Mediterranean Coastal Database
(MCD), focuses on the coastal impacts of sea level rise and on adaptation assessment and associated
hazards of sea level rise in a regionalcontext. This method uses details about morphology of coasts,
population settlements and governmental entities, collected at coastal assessment units along
Mediterranean coasts. Using this method, various parameters are taken into consideration ranging
from the characteristics of natural and socio-economic subsystems, such as extreme sea levels, or
aspects related to the vertical movement of the land, or the number of people who are exposed to
these phenomena. This method provides insight into both current conditions and subsequent trends,
including rates of sea level rise and socio-economic development. Moreover, the method of
Mediterranean Coastal Database allows to obtain advices on risk and impact assessment [47]. This
approach was developed for Mediterranean Sea monitoring according to concepts of
interdisciplinarity. This approach brings together different geoscientific disciplines, including
sedimentology, geochemistry, hydrology, paleontology, ecology, biochemistry and archaeology. This
method is based on analyses of sand reservoir sources, allowing the quantification of sediment
current occurring at sea-land level, thus permitting to identify sediments flows and to evaluate
hydrodynamic parameters. Such approach enables to highlight local environmental concerns related
to urbanization of Mediterranean coastal areas. This kind of approach could give original data about
relationships between construction of dams, hydrology of rivers and origins of sediments, and could
shed light on the impacts of both effects of climate change and man-made actions, on the coastal
geography, morphology development and on ecosystem features. The collected data represent an
important support to policy makers and to the socio-economic actors for planning interventions for
remediating altered Mediterranean coasts [49]. The Mediterranean Sea is among the most important
global biodiversity hotspots (Table 1). With this in mind and based on the principles of Ocean
Literacy, a movement born in the United States and made up of essential principles and fundamental
concepts, now widely accepted around the world for use in both traditional and non traditional
educational contexts, a literacy of the Mediterranean was born. The latter is developed according to
features of the Mediterranean area, with assumptions and notions that serve as a guide for
developing studies and to give advices to decision-makers and to improve the quality of life, thus
contributing to the defence of the environment, to the maintenance and reconstruction of the
Mediterranean Sea and to make their contribution for a sustainable blue economy. Mediterranean
Sea Literacy can help development of the Mediterranean Sea aimed to achieve an innovative and
sustainable blue economy and thus to the accomplishment of Sustainable Development Goal 14 in
the Mediterranean region [50].

4.2. Mediterranean Sea and migrations

Climate change affects people living in poverty unequally, many of whom live in disadvantaged
informal settlements, often along coasts. These populations are often at risk of flooding and have little
or no visibility [51]. The serious problem of migration in the Mediterranean was dramatically
revealed in 2015, when an unprecedented ingress of migrants from the regions of Middle East,
Maghreb and sub-Saharan Africa has involved Europe [52]. As consequences of inundations and of
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increase of hazards due to sea level rise, large proportions of communities will move and migration
responses will increase. A direct inundation forces migrations, after that, socioeconomic and
demographic inequalities can interact with climate change effects, augmenting migration responses
[53]. Nowadays, a large number of people live near the coasts, that evidence serious situations caused
by sea level rise, with consequences for the increase in the number of migrants. Processes of migration
triggered by sea level rise also depend from other aspects as the economic, social and cultural, with
families that initially oppose to migration caused by sea level rise, until migration remains the only
possible option. An assessment of the number of migrants is not simple because it involves various
reasons including quantification derived by climate change effects and possible interventions on the
coasts. In case that coasts are not protected, sea level rise and flooding phenomena will lead to
important migration episodes [54]. Interventions to avoid migration through protection and housing
are well developed, but relocations are not equally developed and cannot guarantee equity. Knowing
the thresholds of migration resulting from sea level rise are key points for knowledge about climate
change related migration [53]. Migration as consequence of climate change could represent a growing
phenomenon of the twentyfirst century,as population that is exposed to environmental factors effects
will probably significantly augment [55]. Phenomena as the increase of temperature along with
modifications of the precipitations and of sea level rise will also cause extreme weather events,
including changes in wave energy and frequent droughts and floodings. As consequence, people can
then address these impacts through migration [56]. As a measure to contain the migration process,
protection of coasts represents a way to reduce this phenomenon and to maintain stable the
populations living along coastal areas [57].

4.3. Risks for world heritages in the Mediterranean area

The Mediterranean region occupies a unique position at the ideal interface between Europe,
Africa and the Orient. The Mediterranean Sea represents a multicultural crossroads and an important
source of creativity, with a true Mediterranean, historical and multicultural identity. The
Mediterranean represents a famous sea, cradle of glorious civilizations and source of great changes,
theater of exchanges and economic activities. The institution named United Nations Educational,
Scientific and Cultural Organisation (UNESCO) includes the heritages under the World Heritage
Convention [58]. Coasts host a large portion of unities included in the cultural World Heritage
Convention are located in coastal areas as human activity has traditionally concentrated in these
locations. The Mediterranean Sea is considered among the hotspots as respect to climate change.
Moreover, 86% of the World Heritage sites (WHSs) already located in this area at risk from flooding
and coastal erosion [59]. Considering that, caused by sea level rise, in the future flooding and erosion
will increase, a high number of coastal World Heritage sites will be threatened by these hazards. High
concentrations of cultural World Heritage sites are distributed along the coasts in the Mediterranean
region, because of ancient civilisations that developed in this region [60]. In the Meditarranean area,
both the ancient cities and those of today are located along the coast and just above sea level.
Therefore, adaptation and protection interventions are needed throughout the Mediterranean area.
However, the socio-economic differences between the northern, eastern and southern Mediterranean
countries make interventions difficult and these sites remain poorly protected from coastal risks [59].
From 2000 to 2100 there will be the vast majority of World Heritage Convention at risk, and in
particular those already threatened under current conditions. As a function of the sea level rate, there
will be a large increase in the risk of flooding for World Heritage sites. Decision-makers will detect
the areas with higher probabilities to be damaged [59] (Table 1).
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Table 1. Mediterranean coastal highlighted hotspots.
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Mediterranean coastal hotspots Specific features Potential impacts References
Albania, Albanian coast Local phenomena such as subsidence and land elevation Salinization of coastal aquifers andwclaiteirloratlon of the quality of drinking [61,62]
Algeria, Gulf of Oran Alien jellyfish species V,VIH threaten native Mediterranean species Vulnerability of coastal areas to erosion, flooding and salt intrusion [63]

in the Gulf of Oran
Croatia, Cres-Lolinj Increased salinization of Lake Vrana [61,64]
Increased salinisation of estuaries and groundwater resulting in problems for
Croatia, Kastela Bay Flooding of Pantana spring and Zrnovnica estuary coastal services and infrastructure. More evident deterioration of historic [61,64]
buildings and increased water needs in homes, industries and agriculture
Increased coastal erosion and outgrown coastal defences. Increase in floods
with damage to port and city infrastructures, with the retreat of the barrier
Egypt, Delta of Nile Dramatic increases in migration rates mainly from coastal areas  dunes, the decrease in soil humidity, the increase in water salinity in the soils [61,65-69]
and in lagoon areas and decrease in fish production. Major coastal retreats and
alterations to coastal activities are also anticipated
Increase in evapotranspiration and decrease in rainfall, with extension of aridity
Egypt, FukaMatrouh levels in the summer period and increase in coastal erosion phenomena and [61,70]
decrease in soil fertility.
Coastal erosion and reduction of wetlands and agricultural land. There is
France, Delta of Rhone Extraordinary tourism therefore a greater impact of the waves and an increase in the salinization of [61,71]
coastal lakes, as well as a destabilization of the dunes
Greece, wetland delta environments The particular conformation of the dynamics of the Mediterranean
formed by the Axios and Aliakmonas river delta and their behaviors require the use of Earth [72]
rivers Observation technologies and GIS as tools to collect information
Increased coastal erosion phenomena, salinization of groundwater, increased
Soil erosion in the Maltese Islands and groundwater salinisation soil erosion with loss of freshwater habitat. Additionally, there may be
Greece, Island of Rhodes . . . . . [61,73]
phenomena in the island of Malta increased risks from pathogens to human health, livestock health, as well as
agriculture
South Greece Geomorphological conformations, erosion of the coast, [74]
morphology of coastal slope
Coastal lowland flooding, saline water intrusion into rivers, marsh flooding,
Greece, Thermaikos Gulf increased seawater stratjif%cat%on and bottom ar.loxia,‘ fiecreased river runoff (61,75]
levels, groundwater salinization, decreased soil fertility, damage to coastal
protection structures, changes in the tourist season
Geomorphological conformations, erosion of the coast, aspects of
Italy, Apulian Coastline the coastal slope, width of beaches and dunesand of vegetation [76]
behind the beach
Increased flood events and coastal erosion, dune retreat, damage to coastal (61,77,78]

Italy, Delta of Po

infrastructure, soil salinization, altered water distribution regimes, reduced
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nearshore water mixing and primary production, increased anoxia in deep
waters

Shoreline pathways changes, distance from shoreline, elevation,

Italy, Italian coast coastal slope, geological coastal type, land roughness, [79]
conservation designation, coastal protection structures
. Increases in coastal erosion rates and coastal reshaping, inundation and loss of
Spain, Delta of Ebro astal resnaping, [61,80]
wetlands, reductions in fisheries
. Very high “hotspotness” condition, with extensive and frequent
Spain, Delta of Tordera y g P o q (81]
damage to the site in recent decades
. Flooding and erosion phenomena have been detected in the urban
Spain, Delta of Ebro J P [82]
area of the study area
Major alterations of the marine environment with sea water level rises, storms
. . and wave surges, coastal vulnerability to erosion, flooding and saline intrusion,
Spain, Gulf of Valencia . 8¢ o y 16 an . . [83]
marine pollution, biodiversity decrease and spread of invasive species with
impacts on fisheries, on industry and tourism
Increase in soil erosion phenomena, groundwater salinization, exceptional
Syria, Syrian coast storm surges with consequent beach erosion and damage to coastal structures [61]
and human settlements
.. The islands on this site could be flooded in the presence of . .
Tunisia, Gulf of Gabes L . P Phenomena of salinization of groundwater and coastal erosion [83,84]
significant sea level rise phenomena
In recent years, a dramatic increase in population migration has . . P -
.. . R . K . ; Important coastal retreat phenomena, with alterations in fishing activities, due
Tunisia, Gulf of Tunis been noted in this area with particular importance for the coastal . [69]
to sea level rise
areas
Increase in evapotranspiration and consequent decrease in soil moisture,
Tunisia, IchkeulBizerte decrease in lake fertility and increase in salinity, increase in lake salinity, [61]
decrease in wetlands and loss of habitats
.. The mean sea level at this site reached a value of 116 cm, withan  The most significant impacts may be groundwater salinization, erosion and
Tunisia, Sfax coastal area [61,85]

annual increase of 2.8 + 0.2 mm yr~! possible flooding
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5. Engineering approaches for coasts protection

The management of coasts must consider the physical processes responsible of erosion and the
aggravating anthropogenic influences. Relevant strategies facing to these damages at coasts include
defence, accommodation and retreat. Accelerated coastal erosion due to human pressure is prevalent.
Standard defense techniques have been adopted to combat erosion, with the addition of a further
new final point which consists in intervening on the causes of these damages and on human pressure
[86]. Cities in coastal areas suffer from problems related to sea level rise, such as storm surges, erosion,
flooding and the resulting rapid degradation of natural coastal systems [28,87]. Sea level rise causes
flooding, increased rates of coastal erosion, saltwater intrusion, and land subsidence. In the long term,
the most significant problems can be represented by coastal erosion. Sea level rise and coastal erosion
have serious impacts such as disruption of economic activities, degradation of natural ecosystems
and alteration of biodiversity [88].

The Coastal Management Subgroup and Response Strategies Working Group has identified three
measures to address sea level rise, namely protection, retreat and accommodation [89]. In Europe, risk
reduction in coastal zones has included additional specific strategies [34], which have been described
in various studies [90,91]. These adaptation measures improve the coastal environment both from a
natural point of view and considering socio-economic aspects. Furthermore, measures to reduce risks
related to climate change and limit greenhouse gas emissions should be included [34].

Defence interventions against sea level rise and erosion include: a) “do nothing”, a procedure
without action, meaning do not make any changes. In this kind of approach, free areas and wetlands
without physical and economic impacts are sacrificed to suffer the impact of downstream flooding
or erosion; b) “seaward movement” which consists of advancement interventions, with the
construction of structures above sea level, using sand or other materials, with the aim of reducing the
risk of flooding for the coasts. This strategy leads to compression and increased susceptibility of
coasts and for adjacent ecosystems, wetlands, salt marshes and mangroves; c) “line maintenance
strategy” an intervention that consists in the introduction of elements capable of reducing the impact
of sea water, to avoid flooding of the coasts and coastal cities. These elements include rigid
protections such as dykes, dams, sea walls, barriers and weirs, while also preventing erosion at coasts
and intrusion of water into the soil. Other protections include sediments and dunes. When these
measures are implemented in combination, they are called hybrid measures. They are usually
expensive due to the construction of rigid structures, such as dams, revetments, sea walls. In case of
coast control, hard structures such as breakwaters and revetments are the most effective, fastest and
easiest. As for perpendicular structures such as breakwaters or sea walls, they promote normal
deposition of sediment and beach aggregation, however downward erosion is expected; d) “managed
realignment” intervention consists of an adaptation strategy that includes moving, displacement and
relocation. Moving involves the permanent or semi-permanent movement of an individual for a
minimum of one year. Displacement is a voluntary movement by an individual for the impacts of
climate change or any other climate-related risk. Relocation involves administration agencies helping
people move to a different location, usually by providing incentives for families. This type of
intervention involves the relocation of critical structures or land use inland. The costs of this
intervention must include the purchase of land, the reconstruction of infrastructure and the transfer
of existing assets; e) “adaptation or accommodation” which represents the continued use of a land at
risk with interventions such as raising the platform level, an elevated structure, floating houses,
contingency planning and retreat areas.This intervention aims to reduce coastal risks by reducing
impacts on human lives, livestock, ecosystems and human activities; f) “limited intervention”
consists of adaptation interventions that provide combinations of protection and enhanced
advantages, preserving and restoring coastal ecosystems. The system acts as a barrier reducing the
waves energy and the speed of storms. This intervention can counteracts soil erosion by stabilizing
sediments at coasts, but can be expensive to maintain and take longer to deliver results [34,92].
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5.1. Hard engineering interventions at coasts

Engineering interventions offer adaptation solutions for the resilience of coastal areas. The
continuous increase in the population at coasts, underlines the attention to their protection [93]. One
type of coastal intervention is the hard engineering, defined also as “grey infrastructure”. This
technique can protect coasts due to absorption of waves energy and diminishing probabilities of
coastal erosion and flooding anduses man-made structures with a high visiblity [94]. Structures of
hard engineering are frequent in northwestern Europe, eastern Asia and deltas of rivers or in coastal
cities with high density of population [95]. On the other hand, these structures, as sea walls, can
worsen erosion, and decrease the ability of coast resilience. Hard engineering approaches include
dikes and fixed sea walls which can stabilize coasts, but in the meantime, can trigger erosion and
destabilize beaches. These structures also include groins able to stop sand transport along the coast
and are successful in beach development but can induce erosion phenomena. Finally, detached sea
walls and artificial reefs which reduce wave energy and that are effective in beach construction, again
can cause erosion downstream [91].

Cliff fixing is a countermeasure adopted in case of coastal erosion that can interest both rocky
coasts and sandy beaches, representing approximately 52% and 31% of the whole coastlines,
respectively. Erosion of rocky coasts comprehends cliff collapse and recession through flows,
overturns, slides, and falls [96]. Erosion at the base of cliffs is caused by waves, originating a typical
notch. In the case of rocky cliff collapse, coasts changes are more evident than gradual modifications
of coasts due to sandy beach erosion. Cliff fixing are hard engineering procedures that can be
conducted by inserting metal bars into cliffs conferring cliff reinforcement and shorelines protection
from erosion [97] (Table 2). Coastal barrage is another hard-engineering procedure using dam-like
structures in partly submerged, that have the role to control tidal flow (Table 2). This intervention
can control storm surges changing water levels and may provide protection against coastal flooding
[98]. Moreover, coastal barrage can originate consistent water levels that can be exploited for
hydroelectricity production. Energy in marine and tidal currents can be also converted to electricity
as well [99]. Gabions are structures that reduce the impact of waves and consist of bundles of wire
mesh or bare boulders placed overhanging [100] (Table 2). Gabions are anti-erosion devices that
protect the piers and abutments of a bridge. These structures significantly decrease flooding by
washout and impinging debris against the bridge superstructure. Debris can also divert flows,
increasing friction and limiting the damage caused by sea level rise [100]. Groynes consist of wooden
fence-like barriers built at right angles to the beach. These hard engineering devices partially or
completely block shoreline drift (Table 2). Each single groyne originates smaller sediment cells on the
beach, acting against the wave direction, or limiting quantity of sediments deposited in tidal vents
and navigation channels. These structures act by blocking the transport of sediments along the coast,
to fix the seabed towards the land with respect to the tip of the breakwater with an action against the
prevailing wave motion [101]. Revetments are structures placed along a cliff and consists of inclined
concrete, wooden, or rock structures preventing cliff erosion by absorbing wave energy (Table 2).
These structures require maintenance work and can therefore be quite expensive [102]. Rock armor
consists of large boulders or rocks piled into the beach in front of a cliff or seawall. These structures
absorb wave energy and help build beaches (Table 2). Rock reinforcements are rigid engineering
structures whose stability must be controlled. In particular, a control is required in the presence of
high, non-linear waves which can damage such structures [103]. Sea walls, also called breakwaters,
are hard engineering devices consisting of large walls placed along the shoreline of the coast and
built in concrete, steel or stone (Table 2). This hard engineered structure protects cliffs from erosion
and acts as a barrier to flooding. It is a wooden or stone wall that extends from the shore to the sea
and is built to protect a port or beach from the force of the waves [104]. Hard engineered coastal
protection devices can have disadvantages because they can be expensive, or represent short-term
solutions, or they can have a negative impact on the environment. The introduction of heavy
engineering structures into coasts can modify the environment, thus suggesting frequent monitoring
activities.
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5.2. Soft engineering interventions at coasts

The soft engineering protection approach to face with coastal erosion is gaining a growing
recognition of the benefits in coasts protection. This kind of engineering approach allows the coast to
respond dynamically to change respecting environmental equilibra. Such applications were therefore
defined as “building with Nature”, and consist in strategies that provides an effective response to
protect beaches and coastal areas. These responses to coastal erosion offer economic and social
benefits. Soft adaptation is considered an environmentally friendly protection response in coastal
ecosystems [105]. The principles of conservation, restoration and use of vegetated coastal habitats in
eco-engineering processes for coastal protection, provide a promising strategy, giving important
insights for climate change mitigation and adaptation [106]. Coping with the problems of coastal
erosion with the use of vegetation allows to dissipate the energy of the waves whose flow is separated
and the friction given by their presence makes the bottom more jagged, reducing the speed of the
wave flow. Furthermore, the contribution of vegetation to bathymetric changes through sediment
accumulation and shoreline accretion is critical for shoreline protection [106]. The soft engineering
approach works in consonance with nature to protect the coast and are defined as “Nature-based
solutions”, actively promoting nature participation for climate mitigation and adaptation purposes.
The definition of “Nature-based solutions” by European Community is: ‘aim to help societies address a
variety of environmental, social and economic challenges in sustainable ways. They are actions inspired by,
supported by or copied from nature; both using and enhancing existing solutions to challenges, as well as
exploring more novel solutions. Nature-based solutions use the features and complex system processes of nature
in order to achieve desired outcomes, such as reduced disaster risk and an environment that improves human
wellbeing and socially inclusive green growth’ [107,108].

One way to stabilize the coasts and in particular the dunes, while respecting the natural
principles of the vegetation, is represented by the planting of trees, with the method defined
afforestation of the coastal dunes (Table 2). Coastal dunes are in fact considered major elements in
the coastal response to waves during a storm and to the impacts of storm surges on coastal plains.
The soft engineering approach of coastal dune afforestation presents a vegetation cover that binds
existing sediments, allows accumulation of fresh sediments and dune volume and dune crest
elevation expanding. This type of process offers advantages by stabilizing the dunes, thus minimizing
coastal erosion [109,110]. Beach nourishment is a soft engineering approach that allows increasing
the path that the wave must travel, diminishing wave energy and preventing erosion (Table 2). Beach
nourishment procedure aims to maximize the time of sand permanence on the beach, in order to
promote human safety, recreation of aquatic environments, groundwater dynamics, and ecosystem
resilience [111]. In approaches of beach stabilization dead trees are added to the sand with the aim is
to stabilize the beach (Table 2). This soft engineering approach can widen the beach, slowing down
the waves and preventing erosion. Beach stabilization interventions can respect local ecological
conditions, moreover this approach can also lead to a sustainable growth of the local economy [112].
Beach stabilization strongly sustains the use of eco-friendly approaches for coastal protection [113].
Coral reef preservation and enhancement is another soft engineering approach and requests the
protection of existing coral reefs and the implantation of artificial reefs including environmentally
friendly materials on the seabed (Table 2). Coral reefs reduce the energy of waves, thus protecting
coasts against erosion [114]. Studies on innovative techniques and new ecological engineering
approaches in processes of coral reef restoration are in progress [115]. Dune regeneration is a soft
engineering approach that allow for setting up barriers and for absorbption of wave energy, finally
reducing coastal erosion and protecting against flooding. Dune regeneration procedure is finalized
to the establishment of new sand dunes or the restoration of the existing ones (Table 2). These nature-
based solutions can have an important role in responding to the challenges of climate change in
coastal areas [116]. Managed retreat is a soft engineering procedure (Table 2) where certain coastal
areas have been identified on the basis of their low value, to become naturally subjected to erosion
and flooding. The approach of naturally eroded and flooded coasts therefore favor the development
of beaches and salt marshes with a low-cost and sustainable procedures [117]. Mangrove preservation
and planting are soft engineering procedures requiring the planting of mangrove trees along the coast
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(Table 2). These restored mangrove ecosystems have important ecological, economic and social
values for the coast [118]. Roots of mangrove trees hold the ground prevent erosion and allow wave
energy to be dissipated. Coastal wetlands such as mangroves and salt marshes are of high interest as
they represent important ecosystems for reducing the vulnerability of coastal communities.
Mangrove preservation is considered a widely applicable type of intervention to enhance coastal
safety [119]. Soft engineering to be used in implementing and maintaining coasts can provide more
sustainable long-term solutions than hard engineering projects and, moreover, it is less expensive
than hard engineering. Soft engineering aims to work with Nature by respecting coastal systems that
can adapt to wave and tidal energy [120].
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Table 2. Types of hard and soft engineering interventions at coastal level.

Intervention type Intervention features Relevant advantages Important disadvantages References
Hard engineering

Improvement of cliffs strength and rocks falling

Cliff fixing Metal bars insertion in cliffs for reinforcement prevention
venti

Possible metal mess [97,121]

Possibl i h i
A partly submerged dam-like structures modulating Originating a higher water level thus allowing the ossible strong impacts on the environment and

Coastal b, high costs for impl tati d 98,122,123
oastal barrage tidal flow production of hydroelectricity 1811 COSts o.r 1n.1p ementation an [ I
maintaintenance
Gabion Rocks and boulders encased in a wired mesh Absorbption of the energy from waves It can be not very effective or attractive [124,125]
Thi hi ibility of
Insertion of barriers similar to wooden fences Drift along the coast allows for flood and erosion .1s strgcture n.1ay encompass the possibi 1ty.o
Groyne . X . triggering erosion further downstream and, in [101,126,127]
arranged at right angles on the beach prevention and beach formation - . .
addition, the need for high maintenance costs
Th loping struct de of te, wood . . . . Possible st backwash and ive t
Revetement ese are SIoping s ruc. 1.1res made o cor.mre & WOl Waves energy absorption and cliff erosion prevention ossible strong waYe ackwash and expensive to [102,128]
or rocks positioned along a cliff implement
They consist of large boulders or rocks that are  The absorption of wave energy favors the expansion High costs for implementation and
Rock armour . . . [103,129]
assembled on the beach in front of a cliff or seawall of beaches maintaintenance
Th tructu ive rise t ble of
Large concrete, steel or stone walls positioned alongProtection of cliffs from erosion and establishment of a €8¢ SLUCIUTEs can give rise to waves capable o
Sea wall . . eroding the wall and furthermore maintenance is [104,130,131]
the shoreline of the beach flood barrier .
expensive
Soft engineering
Sand drift and i inimization by d Planti -native t i t soil
Afforestation of coastal dunes Dunes stabilization by planting trees and drittan er051o.n.m1r.um1za on by dunes antng hon n.a 1ve trees ,Cén 1mpact sot [110,132]
stabilization nutrients deposition
. . . Sand and gravel required for this type of action
I dist: low d th d th
Beach nourishment Rendering beach wider by using sand and shingle nereasing distances slow down the waves and their must be dredged from other sites and their [111,133,134]

energy, preventing coastal erosion . .
maintenance can be expensive

Introducing dead trees in the sand, stabilizing Beaches widening waves slowing and erosion Intervention trees need to be sourced and can

Beach stabilization . . .
beaches prevention their maintenence can be costly

[113,135]

. _— . The materials used for the construction of the
Protection of existing coral reefs and construction of

artificial reefs by placing artificial materials on the
seabed

Coral reef preservation and Coral reefs reduce wave length and energy, thus artificial reefs can give rise to a new type of [115,136,137]
enhancement protecting coasts from erosion contamination, furthermore the artificial reefs Y

may not be as stable as the natural ones

The dunes act as barriers and absorb the energy of the

Construction of new sand dunes or rehabilitation of Dunes can act as barriers to beach access, and

Dune regeneration . waves thus reducing their effects that lead to erosion [138]
existing dunes . . new dunes can also cause land loss
and protecting the coasts from flooding
Some coastal areas may experience erosion and The natural material originated by erosion can favor
1 . . . .
Managed retreat . y experte the development of beaches and the process is low This approach can be time consuming and costly [117,139,140]
natural flooding due to their low value +
cos
The method involves the planting of mangroves Mangrove roots keep the soil stable, preventin Non-native mangroves can become invasive and
Mangrove preservation and planting P & & & P P & & [118,141]

along the coasts erosion and helping to dissipate wave energy pose a risk to the natural plants of a given area
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6. Conclusions

The coasts are the border area between land and sea and are of fundamental importance. Their
monitoring is strategic and can be conducted by adopting different approaches, from laboratory
analyzes to remote sensing investigations. The latter can dispose of technologies such as unmanned
aerial vehicles that allow improvements in monitoring procedures, together with mathematical
models. Sea level rise and coastal erosion seriously affect ecology and economy of coasts and can
have consequences for human health. In particular, the inhabitants of agricultural areas and people
living in islands can be more damaged and need a support to combat climate change.

Engineering interventions can counter the threats of sea level rise and coastal erosion. Hard
engineering, also called “grey infrastructure” and soft engineering, also called “Nature-based
solutions”, are important interventions that can be used to address coastal problems by improving
the environmental and socio-economic conditions of these areas. In any case, an important and
detailed local assessment of the advantages and disadvantages of these interventions is needed. In
fact, some solutions that may be considered effective in some regions may be ignored or perceived
negatively in others. For example, low-rise and submerged structures widely used in Europe with
very good results for the environment, can be perceived negatively in tropical regions. To improve
adaptation to these innovations it is therefore necessary to fill any technological gaps and provide
the necessary economic resources, accelerating adaptation.

The determination of the effectiveness of coastal engineering interventions must be carried out
in order to obtain a better evaluation of the outcomes of such engineering approaches. The proposed
engineering approaches should be technically feasible, economically feasible, environmentally
friendly and socially acceptable. What would be important is to have a multidisciplinary approach
to coastal problems, with new solutions and collaborations with agencies related to the field of coastal
management, engineering and marine sciences for effective planning and evaluation of interventions.
Future insights and research should include further investigations of coastal-level engineering
approaches, combined with an important monitoring activity both before and after each engineering
intervention.
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