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ABSTRACT

Worldwide, climate change adaptation in coastal areas is a growing challenge. The most common solutions such as sea-
walls and breakwaters are expensive and often lead to unexpected disastrous effects on the neighboring unprotected
areas. In recent years, this awareness has guided coastal managers to adopt alternative solutions with lower environ-
mental impact to protect coastal areas, defined as Nature-Based Solutions (NBSs). NBS are quite popular around the
world but are often analyzed and implemented individually at pilot sites. This contribution analyzes the effectiveness
of two NBS to mitigate coastal impacts (coastal flooding and erosion) under three historical storms along the Emilia-
Romagna coasts and the induced improvements due to their potential integration. Through numerical simulations
with XBeach, this study demonstrated that the presence of seagrass meadows of Zostera marina produces an average
attenuation of 32 % of the storm peak with a maximum attenuation of 89 % in incoming wave height. Seagrass also
mitigates flooded areas and maximum inundation depths by 37 % and 58 % respectively. The artificial dune leads
to higher mitigation in terms of inundation of the lagoon (up to 75 %), also avoiding any morphological variations be-
hind it. Seagrass has also been shown to be able to reduce beach erosion volumes up to 55 %. The synergic effect of the
two NBS improves the capacity to mitigate both inundation (with a benefit of up to 77 % for flooded area attenuation
with respect to cases without any defenses) and coastal erosion. Results of the study suggest that the two NBS will work
together to produce co-benefits in terms of preservation of their efficiency, development of habitats for organisms and
vegetation species, and thereby offering an important social value in terms of possible tourism, recreation and
research.
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1. Introduction

Climate change impacts in coastal regions play a crucial role in society
due to the fact that one-third of the global population lives within
100 km of a coastal zone, about two-thirds of global megacities are situated
on the coast (Martinez et al., 2007), and one-tenth (McGranahan et al.,
2007; Plomaritis et al., 2018) are located in coastal zones <10 m above
sea level. In the face of a changing climate and its effects on coastal environ-
ments, their protection is crucial for the populations (Church et al., 2013;
Vitousek et al., 2017; Ferreira et al., 2019) occupying these regions and
has become increasingly topical, and politically sensitive in a worldwide
context. Coastlines which are important boundaries for the mainland are
highly prone to erosion owing to urban expansion and extreme storms in-
crease due to climate change (Creel, 2003). In this context the sandy coasts
comprising beach-dune systems will be vastly exposed (Ranasinghe, 2016;
Vousdoukas et al., 2018b) to associated changes in waves, storm surges,
and mean sea level (Lee et al., 2021), thereby intensifying the reported
global trends in coastal erosion (Mentaschi et al., 2018). In the coming de-
cades the majority of the coastal regions will experience impacts from ex-
treme weather events and rising sea level (Oppenheimer et al., 2019)
such that 190-630 million people are estimated (Kulp and Strauss, 2019)
to be inundated by 2100.The intensification of storm intensities, land sub-
sidence and increased sea level rises can lead to increased risk of coastal
floods (Lionello et al., 2007; Syvitski et al., 2009; Lin et al., 2012; Conte
and Lionello, 2013; Reguero et al., 2015) . Various examples in the past re-
veal the adverse effects of low-frequency high-impact events on developed
nations such as: St. Agatha storm (2015) over the Adriatic (Perini et al.,
2015b), Xynthia (2010) storm in France (Bertin et al., 2012), Hercules
(2014) storm in UK (Masselink et al., 2016), and Katrina (2005) and
Sandy (2012) hurricanes in the USA (Clay et al., 2016; Kantha, 2013).
The occurrence of these events built immense awareness pointing to the
fact that developed nations and their coasts may be severely exposed to
coastal hazards and must deal with their relative aftereffects.

Around half of the population (Statistical Office of the European Com-
munities and European Commission, 2011) in Europe lives in regions that
are <50 km from the sea sand hence most coastal regions face the threats
of coastal and climatic hazards (Ciavola et al., 2011; Masselink et al.,
2016; Ganguli and Merz, 2019; Schweiger and Schuettrumpf, 2021). Across
Europe, impacts from coastal flooding are expected to significantly increase
with rising sea levels (Vousdoukas et al., 2018a; Maul and Duedall, 2019).
Hence in the context of sustainable coastal protection there is a great inter-
est in adapting nature-based solutions (NBSs) to analyze the advantages of
ecosystem services and thereby impart more economic/social benefits
(Sutton-Grier et al., 2015; Schoonees et al., 2019; Moraes et al., 2022) .
All over the world, NBS have been thoroughly studied in an attempt to mit-
igate coastal risks, and associated social and territorial effects although its
implementation and development process is still in the early stages. Thus,
NBS are seen as a potential means to address social challenges using princi-
ples of nature that are cost-effective and provide societal, economic and en-
vironmental benefits while also creating resistance to natural disasters
(Faivre et al., 2017). More specifically, NBS aim to use nature to provide
the maintenance, development, and restoration of biodiversity and ecosys-
tems as a means to address multiple concerns simultaneously (Nesshover
et al., 2017; Keesstra et al., 2018). Pauleit et al. (2017) reported that the
scope of the NBS concept is broader than ecosystem-based adaptation,
more abstract (in terms of application to urban planning) than green infra-
structure, and based on ecosystem service approaches to the benefits of na-
ture for human well-being. Hence, NBS could be used as an umbrella term
for other concepts that are receiving increased attention at political and ac-
ademic levels (Nesshover et al., 2017; Pauleit et al., 2017). Therefore, NBS
are alternatives to manage risks arising from hydro-meteorological events.
NBS can be deployed to protect, manage and restore natural/modified eco-
systems (Cohen-Shacham et al., 2016) thereby imparting crucial ecosystem
services for biodiversity and human well-being.

NBS can be used as a complementary and/or alternative approach to en-
gineering structures. Coastal protection approaches in a traditional sense
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depends on “hard” engineering solutions which are not enough to hold
the pressure increase from intense hydrometeorological hazards induced
by climate change (Kumar et al., 2020). Such structures pose maintenance
costs that are impractical and therefore there is a demand for low-cost,
resilient and sustainable solutions (Morris et al., 2018). Various forms of
ecosystems in coastal environments (Kirwan and Megonigal, 2013;
Rodriguez et al., 2014) such as seagrass meadows, salt marshes, dunes, bio-
genic reefs, etc. have a high capacity to protect the coasts against flooding
and eroding via hydrodynamic energy dissipation, owing to the character-
istics of the submerged vegetation and its associated structural complexities
(Temmerman et al., 2013; Hanley et al., 2014; Ondiviela et al., 2014;
Boudouresque et al., 2021; Da Ros et al., 2021). Contrary to the “hard” en-
gineering structures, nearshore vegetated ecosystems can amplify the soil
elevation and soil vertical acceleration on account of biomass accumulation
from below the ground and particle trapping via the water column (Duarte
et al., 2013; Potouroglou et al., 2017). Today, many studies support the ap-
plication of NBS to overcome the limitations associated with purely rigid
engineering structures, also named gray solutions (Nesshover et al.,
2017). Ondiviela et al. (2014) examined the contribution of seagrass to
coastal protection through a review of the most relevant existing knowl-
edge. While the main conclusion achieved is that seagrass meadows cannot
protect shorelines in every location/scenario, it concludes that the role of
seagrass in coastal protection should be actively included, and not be
overlooked in coastal planning. Narayan et al. (2016) compared the impor-
tance of seagrass/kelp beds, mangroves, coral reefs, and salt marshes with
submerged breakwaters in reducing flood wave height, and coastal erosion
using 69 case-studies. They stressed that the costs of measures based on salt
marshes and mangroves could be two to five times cheaper compared with
engineering structures for flood waves ~ up to 50 cm. A recent study by van
Zelst et al. (2021) reports that in maintaining coastlines across the world
the integration of coastal vegetation with infrastructure designs could
yield cost savings with sustainable management of coastal ecosystems.

Over the past few decades, numerous field and laboratory studies have
been performed to determine the effects of vegetation on wave attenuation
(Maza et al., 2013; Ondiviela et al., 2014; James et al., 2021). A 40 % reduc-
tion in wave heights during storm events, revealing the capacity of a dense
seagrass meadow was reported by Ondiviela et al. (2014). Along with
Posidonia oceanica, three other native sea-grass species (de los Santos
et al., 2019) occur along European coasts: Zostera marina, Zostera noltei,
and Cymodocea nodosa. As reported in Procaccini et al. (2003), Zostera ma-
rina is present along central Adriatic coasts, and it could really exist along
the coast if the mean wave heights are <0.4 m. In the North Adriatic Sea
Danovaro et al. (2020) had reported a study for a 40-year period using ae-
rial photographs/satellite images which revealed that the seagrass
meadows grow in patches and not as continuous meadows along the coastal
regions. Hence in this study across the Emilia-Romagna (ER) coastal belt
the seagrass landscaping was chosen to reproduce the natural distribution
of seagrass as evident from satellite images, from 2 m depth to 10 m, to
avoid a position too close to the shoreline and to allow sunlight to penetrate
the rather turbid coastal waters (Umesh et al., 2022).

Coastal dunes are frequent morphological features along coastlines
(Berard etal., 2017; Schweiger et al., 2020) and are exclusive regions of bio-
diversity that protect the land against waves and storm surges by being at
the forefront of protection against coastal flooding (Harley and Ciavola,
2013a). They are naturally dynamic coastal features that are highly prone
to degradation and must therefore be protected. Storm-induced erosion is
widely investigated with the XBeach numerical model (Roelvink et al.,
2009). In the past this coastal erosion model has proven its applicability
in accurately predicting storm-induced dune erosion (Splinter and
Palmsten, 2012; Muller et al., 2017; van Ormondt et al., 2020). Several stud-
ies in the past have reported on the effects of vegetation on nearshore hydro-
dynamics and morphodynamics (Arnold Van Rooijen, 2019; Bendoni et al.,
2019; Harter and Figlus, 2017; Nederhoff, 2014; Passeri et al., 2018; van der
Lugt et al., 2019). Dune restoration projects that integrate vegetation efforts
with natural, sustainable, and soft solutions have become increasingly pop-
ular, as reported in a study by D’Alessandro et al. (2020). The study
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conducted by Montblanc et al. (2020) on a rapidly eroding coastline in
Bellocchio (Northern Adriatic Sea, Italy) under the current and future sea
level scenarios concluded that a complete rehabilitation of the existing
dune-system, including its reconstruction and revegetation, can be consid-
ered as a disaster reduction solution for coastal protection under current
and future scenarios. The application of combining seagrass meadow resto-
ration with sand nourishment termed as “green nourishment” has a high po-
tential as NBS to mitigate coastal erosion/flooding (Chen et al., 2022).

The integrated management of coastal zones adopted by the ER Region
(northern Italy) requires strategic, coordinated and concerted actions at
local and regional levels, directed and supported by a specific reference
framework at a national level. Due to a high littoral vulnerability to coastal
erosion and the risk of marine ingression, the Regional Action Plan
(Danjon, 1960) identifies coastal stability as a crucial environmental prob-
lem. A high concentration of anthropogenic interests, and activities related
to a multiplicity of sectors are of immense importance for the regional econ-
omy, thereby emphasizing the importance of an adequate local coastal
management (Armaroli et al., 2012; Harley et al., 2012; Coelho et al.,
2020). For many years the management and protection plans of the coastal
areas in the ER region have been based on infrastructural interventions and
rigid works to protect the coast, included breakwaters and seawalls. How-
ever, these solutions have highlighted numerous disadvantages and prob-
lems related to their construction (excessive costs), maintenance, and
unwanted effects caused in neighboring areas (Nunn et al., 2021). There-
fore, different solutions involving sustainable and ecological efficiency
should be investigated so their benefits and drawbacks can be appropriately
analyzed. As an example, ecosystem-based coastal defense strategies have
been recommended to replace hard infrastructures (Gracia et al., 2018).
In recent years a significant growth and demand has been observed in sci-
entific and engineering interest to investigate how natural coastal defenses
can actually improve coastal protection.

This study was executed within the OPERANDUM (OPEn-airlaboRAtories
for Nature-baseD solUtions to Manage hydro-meteo risks) project (https://
www.operandum-project.eu/) and its main goal is to provide science-based
evidence for the usability of NBS ranging from local to landscape scales,
and to foster the market opportunities, upscaling and replication of NBS
in Europe and other non-European territories. OPERANDUM consists of
several Open Air Laboratories (OAL) in Europe (Gallotti et al., 2021). In
OAL Italy, two types of NBS for coastal risk mitigation have been investi-
gated, namely: an artificial dune entirely composed of natural materials,
and a seagrass meadow.

While numerous studies on the reconstruction of dunes have been re-
ported in the past (Lemauviel et al., 2003; D’Alessandro et al., 2020;
Montblanc et al., 2020), this paper proposes an innovative approach
through the construction of an artificial dune, an alternative to already
existing dunes, and entirely built with natural materials. The dune is made
of sand, coconut fibers, and wooden poles assembled in a modular structure
that can therefore be adapted to any type of beach and shoreline length.

The artificial dune is a passive erosion control system, intended as an ar-
tificial embankment that must be put in place in a specific coastal area af-
fected by wave erosion especially during storms. The dune aims to protect
the areas behind it against wind, waves and tidal actions. In contrast with
traditional embankment or reinforced earth systems, realized using only
natural materials and technologies, this approach aims to minimize envi-
ronmental impacts (i.e. pollution due to bulldozers or working vehicles,
soil contamination, or natural environment destruction) even during the
construction phase, and to mimick the natural behavior of previously
existing, and effective natural sand dunes.

Unlike the more common applications in which NBS are used in a com-
plementary way to gray solutions or alone, this study is unique in it aims to
investigate the potential of integrating two eco-sustainable NBS intended to
significantly reduce environmental impacts. Thus, the goal of the study is to
understand the interaction of wave impacts with the combination of an ar-
tificial dune built with natural materials and a segrass meadow. The inte-
gration of the two NBS is investigated in terms of potential flood
reduction and the mitigation of negative impacts on beach morphology.
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The paper is divided as follows: Section 2 describes the study area, the
investigated NBS and the modeling approach adopted for the simulations.
Section 3 reports on and discusses the simulations' results. In Section 4 a
brief discussion on the study is performed and in Section 5 the main conclu-
sions of the study are outlined.

2. Materials and methods
2.1. Study area

Bellocchio Beach is a natural reserve located in Lido di Spina (Italy) in
the northern Adriatic Sea (Fig. 1a). The beach is one of the remaining nat-
ural coast of the ER region and is located between the Reno River (to the
south), and the city of Lido di Spina (to the north). It consists of a three-
kilometer low, sandy beach with a lagoon behind it. There are no natural
or artificial defenses except for a temporary sand deposit and a little
cross-shore wooden groyne located on the northern beach (Fig. 1b). Indeed,
littorals to the north and south are protected by hard structures. The Dolce
Vita Beach Club on the northern part of the beach is built on a rock armor
acting as a barrier against sediment transport (Aguzzi et al., 2020).

Bellocchio Beach is a transitional ecosystem (dune and lagoon) charac-
terized by inland human activities and infrastructure, both exposed to ma-
rine flooding. The main risks identified are therefore related to the loss of
ecosystem functionality, the damage to infrastructure, and the loss of poten-
tial tourism.

Most incoming hydro-meteorological hazards are induced by storms
that produce marine flooding and coastal erosion. The most intense storm
waves are generated from east to northeast and are associated with Bora
weather conditions. These events are generally characterized by large,
steep waves. Surge events mainly occur during Scirocco winds that blow
from south to east, creating smaller waves with a long wave period
(Harley et al., 2012).

With regard to sediment supply, the Reno River provides the largest
amount, which has been strongly limited as a result of human intervention
and the presence of rigid structures. The main long shore transport is south-
north oriented as indicated in Fig. 1b. Emerging from the negative sediment
balance, Bellocchio beach retreat rates are around 8 m/year. Furthermore,
local subsidence is a concern, with current rates about 2 mm/year (Aguzzi
et al., 2020).

Both the beach and the lagoon are threatened by marine flooding. De-
spite the limited surface, the area is one of the sites with greater biodiversity.
There are 19 habitats protected by the EU Habitat Directive (European Com-
mission, 1992) including i.e. Spartina meadows, Salicornia annual pioneer
vegetation and other muddy and sandy areas, embryonic mobile dunes. In
addition, there are over 40 species of birds (The European Union, 2010),
some of which nidificate more or less regularly in the area. It is one of the
most important sites at a regional level for the protection of nidification:
Charadrius alexandrinus (“Fratino” in italian) and Haematopus ostralegus
(“Beccaccia di mare” in italian) (The European Union, 2010).

A residual natural dune system is located on the Natural Reserve of
Bellocchio and extends for about 1.4 km along the beach (Fig. 2). The
dune system suffered great damage over the years due to extreme events,
which led to a strong variability in dune crest heights (from 1.2 m up to
>2 m) and widths ranging from 40 m to 70 m (Montblanc et al., 2020).
Washover lobes caused by marine ingression, especially during intense
storm events, can be observed in the area behind Bellocchio Beach.

The tidal regime is semi-diurnal and micro-tidal, with a neap tidal range
of 0.3-0.4 m, and a spring tidal range between 0.8 and 0.9 m. Wind waves
arrive mostly from NE and SE, with a significant wave height (Hs) of 0.4 m
representing average conditions, while during storm events, wave heights
can reach up to 4.5-5.6 m (Ciavola et al., 2007; Armaroli et al., 2012).

2.2. NBS description

In this paper two NBS are investigated: a seagrass meadow of Zostera
marina and an artificial dune built completely with natural materials.
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Study Area
Lido di Spina, Emilia Romagna

Italy, Europe
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Fig. 1. (a) Location of the Bellocchio Beach in the Emilia Romagna coastal region and (b) the main longshore sediment transport orientation, and the hard structures location

(indicated in solid red lines).

2.2.1. Seagrass meadow

The first NBS investigated consists of coastal vegetation placed on the
sea bottom with the aim of providing protection by attenuating and/or dis-
sipating waves.

Seven species of seagrasses occur in the Mediterranean Sea
(Boudouresque et al., 2009; Ruiz et al., 2009; de los Santos et al., 2019).
Cymodocea nodosa, Zostera marina and Zostera noltei, native to the Mediter-
ranean, have a broader temperate distribution. Posidonia oceanica is the
only one that is endemic to the Mediterranean (Ruiz et al., 2009).

More specifically, among the few species that survive in northern
Adriatic Sea, Zostera marina is able to live in a marine environment influ-
enced by freshwaters and it is present along central Adriatic coasts as
reported in Procaccini et al. (2003). As stated by Boudouresque et al.
(2021) in the northern part of the Mediterranean Sea (i.e. Adriatic sea),
the decline of Zostera marina meadows has been related to human activities:
pollution, turbidity, freshwater inputs, anoxy. On the contrary, extensive
meadows are still thriving in many localities i.e., Venice Lagoon, the Gulf
of Fos (France), Els Alfacs Bay (Spanish Catalonia), Thau Lagoon (Pergent
etal., 2012).

Zostera marina is principally constrained by two physical thresholds,
namely, wave height or exposure and light (Hirst et al., 2017). Espe-
cially, it can exist along the coasts if the mean wave height is <0.4 m
and a mean percentage irradiance of >33 % (Hirst et al., 2017). For
these reasons, this species was selected to investigate the effect of sub-
merged seagrass meadows on wave heights via numerical simulations.
Future deployment of the seagrass has not been foreseen within the pro-
ject's duration.

2.2.2. The artificial dune built completely using natural materials
An artificial dune is an engineered structure that mimics the function of
natural dunes. Artificial dunes aim to reduce both coastal erosion and

flooding in adjacent coastal lowlands. They consist of a barrier in between
the sea and land, similar to a seawall. Unlike the latter, the NBS
are”dynamic”, i.e. the dune/beach system interacts a great deal and is con-
stantly undergoing small adjustments in response to changes in wind and
wave climate, or sea level. Its construction involves the placement of sedi-
ment from dredged sources on the beach which is then reinforced with a
structure composed of biodegradable material. In the project the NBS is de-
signed to be 100 m long, 3.5 m a.s.l. (above sea level) high with a slope of
1:2 (Fig. 3c). The design is the responsibility of RINA-Consulting (https://
www.rina.org/it/), partner of the OPERANDUM Project. Different types
of experimental solutions are foreseen. A more complete description of
the modeling techniques and the monitoring system that guided the design
of the dune can be found in Aguzzi et al. (2021).

The first section of the dune is realized using a reinforced bio-soil sys-
tem, while the second section has an innovative modular tubular system
(Fig. 3a,b). For both types flexible, semi-permeable natural materials are
used, such as coir geotextile and wood (Fig. 3d). The bio-soil reinforced
type (Fig. 3a) comprises overlapping layers of sand and coir geotextile,
displayed in (Fig. 3d, source: Naturalea, https://naturalea.eu/en/) up to
the required height and slope. The body of the dune is supported by two
lines of wooden poles.

The tubular structures (Fig. 3b) are generated from geotextile or
geomembrane fabrics by joining the opposite edges with zips. One single
tubular element is joined to another tube simply by zipping them together,
avoiding the need for sewing or welding on-site, and long tubes are ob-
tained by connecting several tubes together until the desired length is
achieved. This structural solution is made with three tubular modules ar-
ranged longitudinally between four lines of wooden poles, giving the
dune the desired slope and layout.

The body of the dune is covered by sand with an average thickness of
20-30 cm. Two different cover solutions are adopted along the dune length.
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Bellocchio Lagoon

Fig. 2. Aerial view of the northern part of Bellocchio beach, indicating the location of the residual natural dunes, the wooden groyne, and the rock armor.

Autochthonous plant species are planted in part on the coir net and in part
directly in the sand (Fig. 3a,b).

On the seaward side and on the terminal ends of the dune another wood
protection is installed. It consists of a double wood palisade filled with
wooden stacks and heather fascines from plant materials available on site.
In the front of the dune fascines are disposed horizontally, while on the
ends fascines are placed vertically. These structures protect the foot of the
dune and inland area by absorbing energy and trapping sand brought by
storm waves.

The proposed artificial dune will actually be built on the beach, how-
ever due to an unfortunate intense storm in the winter of 2020 the beach
was heavily damaged and a different site was chosen for the actual con-
struction. However, due to its environmental peculiarities and coastal is-
sues, numerical modeling was performed using the original site.

2.3. Methodology

2.3.1. Modeling approach

The performance of actions to mitigate coastal flooding and reduce im-
pacts on beach's morphological evolution via NBS (described above) was
assessed through numerical simulations using the XBeach hydro-
morphological model. Current beach conditions without any natural de-
fenses (denoted as “REF”) were modeled and compared with three different
NBS scenarios, as summarized in Table 1, encompassing the seagrass effect
only (denoted as “VEG”), the presence of the artificial dune (denoted as
“DUNE”) and their combined effect (denoted as “INT”).

The use of the two NBS was tested with respect to the unprotected
scenarios during significant storm conditions that took place on the
beach from 2010 to 2020. Three historical storms (hereafter named
S1, S2 and S3) that caused heavy damage to the natural environment
of the study area were selected with the goal of evaluating if and how

NBSs could improve coastal protection against flooding and erosion
under storm conditions. Table 1 lists the simulations performed and
their names.

The effect of seagrass meadows on waves was explored. Significant
wave height with and without vegetation were compared at two local sta-
tions of the model domain. The percentage wave attenuation (att,,) was
evaluated with Eq. (1):

H — H
att, = LoREF — TISVEG 100 €))

H rprp

where H; rgr and H;, yrg are the significant wave height without and with
vegetation respectively.

The efficiency of both the seagrass and the dune in reducing flooding im-
pacts was evaluated by calculating the maximum inundation depth (IDmax),
defined as the non-simultaneous maximum water depth on the beach
domain and derived from the runup values modeled with XBeach. The max-
imum inundated area was also estimated for each run, defined as the area in-
volved by the inundation based on the maximum flood depth maps.
Therefore, it represents the non-simultaneous maximum inundated area.
The assessment of the flooded area was performed within the lagoon area.
The percentage rate of flooding attenuation (attz,.q) was defined as in Eq. (2):

Afloodggr — Afloodgp, 100

Afloodggr @

Qttfood =

where Afloodsyy, is the maximum inundated area with an NBS design and
Afloodggr the maximum inundated area without NBS estimated from the ref-
erence simulation, both calculated for the same historical storm. Likewise, the
attenuation of the IDmax was also calculated referred to the highest value
reached by the lagoon, named attyp,ay-
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Covering with bionet in coconut
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Fig. 3. Dune layout and details. (a) Detail of reinforced bio-soil system (layout 1), source: RINA-C (b) Detail of modular tubular system (layout 2), source: RINA-C, (c) Dune
layout map where: yellow zones indicate bio-soil reinforced with coir net, light blue identifies tubular modules in coir net with hinge system patent and green parts are

covered with runoff control system in coir net, source: RINA-C and (d) Coir blanket with runoff system control, source: Naturalea.

A cross-shore section that is located in a coastal stretch subjected
to strong erosion was chosen for morphological analyses of the land-
ward movement of the shoreline and the eroded volumes of the
subaerial beach. Percentage rates of shoreline retreat and eroded

volumes were defined in the same manner as the previous indicators
(attshore’ attero)-

Bathymetry changes were also calculated by subtracting the original to-
pography from the topography at the end of each simulation, identifying
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Table 1
Summary of numerical simulations performed with XBeach.

Identifier Storm Simulation
name

Description

Current beach conditions without any NBS REF case S1 REF1

S2 REF2
S3 REF3
Scenario with the seagrass effect VEG case S1 VEG1
S2 VEG2
S3 VEG3
Scenario with the artificial dune protecting the entire  DUNE S1 DUNE1
Bellocchio beach strip (about 1.5 Km long) case S2 DUNE2
S3 DUNE3
Scenario with both the seagrass and the artificial INT case S1 INT1
dune S2 INT2
S3 INT3

positive values as accretion, and negative values as erosion (Montblanc
et al., 2020).

2.3.2. XBeach model

XBeach (Roelvink et al., 2009) is a state-of-the-art open-source model
designed to simulate nearshore hydrodynamics and morphodynamics.
XBeach, which is the acronym for “eXtreme Beach behavior model”, seeks
to assess the natural coastal response during time-varying storm and hurri-
cane conditions. It is a two-dimensional depth-averaged (2DH) model that
solves coupled cross-shore and alongshore equations for wave propagation,
flow, sediment transport and bed level changes. The model includes the hy-
drodynamic processes of short-wave transformation (refraction, shoaling
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and breaking), long-wave (infragravity wave) transformation (generation,
propagation and dissipation), wave-induced setup and unsteady currents,
as well as overwash and inundation. The morphodynamic processes include
bed load and suspended sediment transport, dune face avalanching, bed
update, and breaching. It is able to predict dune erosion, overwash and
breaching of dunes and barrier islands (Lindemer et al., 2010; Ferreira
et al., 2018; Schambach et al., 2018; Schweiger et al., 2020). In several
studies the model has been validated with a series of analytical, laboratory
and field test cases using a standard set of parameter settings (Roelvink
et al., 2009; McCall et al., 2010; Vousdoukas et al., 2011). Moreover,
XBeach is capable of simulating flow, waves, sediment transport and coastal
morphological changes (Roelvink et al., 2009) in scenarios that include
NBS, such as mangroves, sea grass, coral reefs, etc. As demonstrated by
Van Rooijen et al. (2016) XBeach allows incorporating the effect of vegeta-
tion on wave evolution based on isolated rigid cylinder theory. As stated by
Kumar et al. (2021), XBeach has great potential for evaluating NBS detailed
performance at the local scale. A detailed presentation of the governing
equations and the boundary conditions is available in Roelvink et al.
(2009).

2.3.3. Model setup

A two-dimensional version of XBeach (Roelvink et al., 2009) was ap-
plied to morphodynamics during representative storm events along the
ER coast. The XBeach simulations were realized by applying the surfbeat
mode commonly used during storm conditions (Bart, 2017). Version
1.23.5526 of XBeachX was adopted for this study.

The 2D computational domain consists of a 3.2 km X 2.6 km section of
Bellocchio Beach at Lido di Spina, ER in Italy (Fig. 4). The structured grid

0 5 10 15 20 25 30km

A
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Adriatic Sea
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2 €]

(b) A
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Bellogchio

lagoon Bellocchio Beach

XBeach model grid
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N N ]

Fig. 4. (a) location of the Nausicaa Buoy and the Porto Garibaldi tide gauge along the Emilia-Romagna coast (Italy), and (b) the model grid of Bellocchio Beach at Lido di

Spina, Emilia-Romagna (Italy).
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consists of 249 grid cells in y-direction (alongshore) and 254 grid cells in x-
direction (cross-shore), and a total of 63,246 nodes. A variable resolution of
grid size was applied with a model resolution in the range 1-20 m cross-
shore and in the range 5-30 m alongshore (increasing resolutions were ap-
plied appropriately). The morphological and hydrodynamic grid extends
landward to cover the entire lagoon area, often affected by flooding condi-
tions, and seaward to about 10 m depth. Different topo-bathymetric mea-
surements were interpolated on the morphological grid and used as input
for the simulations. The available data consist of:

+ Topo-bathymetric survey conducted in 2020 for the OPERANDUM Pro-
ject, focused on the beach area where the dune will be built.

 Topo-bathymetric survey conducted in 2019 as part of the Regional Topo-
bathymetric Network systematically monitored by Arpae, consisting of
about 250 beach cross-sections covering the entire regional littoral.

+ LIDAR data collected at Lido di Spina in February 2019 on behalf of the
ER Regional Service (Autorita di Bacino Distrettuale Fiume Po).

The bed composition was defined with D50 and D90 grain diameters of
0.2 and 0.3 mm respectively and was considered constant across the whole
domain (Aguzzi et al., 2020). Sediment transport was simulated using a
depth-averaged advection-diffusion equation where the van Thiel-van
Rijn formulation is adopted for the calculation of sediment flux (van Rijn,
2007; Thiel de Vries, 2009). Bed friction was modeled through Manning's
roughness coefficient (bedfriction) and set to 0.02 for sandy sediments. In
order to accelerate the morphological variations with respect to the hydro-
dynamic processes, an acceleration factor of 5 (morfac = 5) was adopted
(Roelvink et al., 2009).

Variable water levels and wave forcing during three storm events were
imposed at the sea open boundary of the model, while zero-gradient along-
shore water level conditions (Roelvink et al., 2009) were invoked on the lat-
eral boundaries. Offshore wave conditions were specified using the
JONSWAP spectrum (Joint North Sea Wave Project). Waves (height, direc-
tion and period) and sea level time series used to force the model were ex-
tracted respectively from the Nausicaa Buoy located offshore of the
Cesenatico municipality at about 10 m depth (44.2155 lat, 12.4766 lon)
and the Porto Garibaldi tide gauge in Ferrara (44.6779 lat, 12.2494 lon).
The time-series observed at the chosen stations (showed in Fig. 4) are con-
sistent and constantly validated.

The effects of vegetation on wave propagation were included in XBeach
through formulations that take into account vegetation-induced sea-swell
wave attenuation, mean flow reduction, mean water level effects and
infragravity wave attenuation (Van Rooijen et al., 2016). In XBeach vegeta-
tion is schematized as rigid cylinders that exert a force on the fluid, with pa-
rameters including vegetation stem height (ah), diameter (bv), and density
(Nv). Multiple layers of vegetation could be introduced to define, for in-
stance, mangroves, which have dense roots and sparse stems. In this
study one vertically uniform vegetation layer was used to simulate seagrass.

The model was calibrated against available topographic data by varying
a few parameters that have a significant impact on morphodynamic evolu-
tion (Vousdoukas et al., 2011; Vousdoukas et al., 2012; Roelvink et al.,
2018). A detailed description of the calibration can be found in the results
section.

2.3.4. NBS modeling schematization

The effect of vegetation is implemented in XBeach through formulations
that take into account the wave energy dissipation occurring when waves
propagate through a vegetation field. To take into account the damping ef-
fect of vegetation on the incident waves, the expression derived by Mendez
and Losada (2004) was added to the short wave action balance in Eq. (3):

0A  Jc,A _ Dbreak + Dyeg

ot ox o

3

where A = E,/0, E,, is the wave energy, Dp,.qxis the wave dissipation due to
breaking and D,,is the wave energy dissipation due to the presence of
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vegetation. Following Suzuki et al. (2012) the expression was slightly ad-
justed to take into account vertical layering of the vegetation (Eq. (4)):

Dveg = j§“| Dveg,i (4)

where D, is the total short wave energy dissipation due to vegetation, nv is
the number of vertical vegetation segments and D, ; is the short wave en-
ergy dissipation due to the vegetation layer i (Eq. (5)):

szg.i
1 - kg 3 ( sinh’ka;h — sinh3kai,1h) + 3( sinhka;h— sinhka;_h)
=——pCpb,N | = 3
2/ 20 3k cosh’kh

Hon
(5)

Using this expression, both vertically uniform vegetation (e.g. sea grass)
and vegetation with a (strong) variation in characteristics over the vertical
axis can be modeled (e.g. mangroves).

The damping effect of vegetation not only affects the dissipation of
wave energy, but also infragravity waves and mean flow, and is modeled
as a drag force directly included in the depth-averaged Generalized La-
grangian Mean (GLM) formulations (Andrews and Mcintyre, 1978). The
vegetation-induced drag force (Eq. (6)) is calculated as the sum of the
vegetation-induced drag force per vegetation layer (Eq. (7)):

Fueg(t) = 2 Freg(1) ©®
@ 1

Freg,i(t) = / 3 pCD,ibvx/'NiuL(t)}uL(l)‘dz Q)
@ -

The bulk drag coefficient (Cp) is an expression for the dissipation of wave
energy and force exerted by the fluid on the entire seagrass meadow. For this
simple exploration, a drag coefficient of 1 was used (Beudin et al., 2017), al-
though the drag force exerted on the vegetation can vary considerably, be-
tween values close to 0 to 3 (Nepf and Vivoni, 2000; Tanino and Nepf,
2008). Seagrass physical characteristics necessary for the parameterization
were taken from Mazzella et al. (1998) in terms of number per shoot / m?
(277.8 n°/m?), mean leaf length (21.3 cm), and mean leaf width (0.38 cm).

The seagrass landscaping, shown in Fig. 5 was derived from Umesh
et al. (2022) which presents a seagrass assessment via validated numerical
simulation of marine seagrass meadow in the ER (Italy) coastal strip in the
offshore area of Bellocchio Beach.

Umesh et al. (2022) demonstrated that Zostera marina meadows applied
to the ER coastal belt by means of WW3 simulations (Alves and Ardhuin,
2016) were found to be efficient in the reduction of wave energy (> 50
%). It was shown that the amount of significant wave height (Hs) reduction
depends on seagrass landscaping, and a combination of broken vegetation
stripes and clusters were seen to be effective in reducing wave energy at
the coast compared to other landscape designs. The most effective seagrass
landscape presented by Umesh et al. (2022) was investigated in this paper
through XBeach simulations (Fig. 5).

The geometry of the artificial dune was included in the initial bathym-
etry of XBeach runs by raising the topography point by point. Although sev-
eral artificial dune cases were studied by other authors (Gesing, 2019;
Harley and Ciavola, 2013b; Schweiger et al., 2020) no well-documented
modeling case studies with XBeach or others numerical models of artificial
dunes similar to the one presented in our study have been found by the au-
thors. Therefore, given the NBS complexity (due to different building mate-
rials) and in order to achieve as real a representation as possible, some
assumptions were made.

First, the construction of the artificial dune provides a unique opportu-
nity to study its responses on a prototype scale with the potential for im-
provements in design criteria. However, it consists of a limited
“experiment” of a coastal defense that needs to be considered on a wider
scale in order to produce real improvements in coastal risk mitigation.
For this reason, while the actual deployment extends for about 100 m, in
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Fig. 5. Seagrass meadow belt and dune position along Bellocchio Beach in Lido di
Spina. The seagrass location is displayed with green polygons while the dune
layout is represented by a solid red line.

order to mimic the function of a barrier against marine ingression, the sim-
ulations were carried out considering an artificial dune that protects the en-
tire coastal environment subject to frequent flooding. The modeled dune is
presented in Fig. 5 and extends for about 1,5 km alongshore. Due to the
varying amplitude of the beach, a constant distance from the shoreline
could not be maintained. However, the structure was placed on the subaerial
beach ensuring the protection of residual dunes that have been disappearing
over the years due to intense storm impacts (Montblanc et al., 2020).

Given that variations in bed friction have potential influence in morpho-
logical changes during storm events, similar to other studies (Passeri et al.,
2018; Schambach et al., 2018; Schweiger et al., 2020), a constant
Manning's bottom friction of 0.2 was applied to the entire domain with
the exception of the dune structure, where an increased value of 0.6 was
set. The reason is to consider the roughness of the coir blanket and its func-
tion in restraining sand.

Given its innovative modular tubular system, layout 2 (described in
Section 2.2.2) was chosen for the modeling experiment presented in this
study. The artificial dune is considered a semi-fixed dune (Lemauviel
et al., 2003; Yizhaq et al., 2009) due to its modular tubular structure,
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which is supposed to be more resistant than melted sand. In XBeach it
was defined as a non-erodible layer with an additional sand cover of 0.5 m.

2.4. Storm selection

Storms are considered the main factor controlling changes in beach
morphology (Armaroli et al., 2013; Plomaritis et al., 2018). In this study
the effectiveness of NBS was assessed by calculating the coastal impacts
of historical storm events using the process-based XBeach model
(Roelvink et al., 2009). In order to evaluate the degree of protection against
severe storms experienced along the ER coast offered to the coastal lagoon
by the two natural solutions, the storms were selected by analyzing the
storms observed from January 2007 to December 2020. This analysis was
applied to the wave time series measured by the Nausicaa Buoy. Sea level
time-series were derived from the Porto Garibaldi tide gauge observations.
The stations location is indicated in Fig. 4a.

In this study a storm is defined as an event with significant wave height
>1.5 m. Two storms are considered separate if the wave height decays
below the threshold for 12 or more consecutive hours. In order to classify
the events, the methodology specific to the Western Mediterranean by
(Mendoza and Jiménez, 2005) was adapted to the Northern Adriatic by
(Armaroli et al., 2007) and followed in this study. The total energy of
each storm (E) is defined as the time integral of the squared significant
wave height computed between the beginning and the end of the event fol-
lowing the methodology in Mendoza and Jiménez, 2005 (Eq. (8)):

5]
E= / H2dt ®
4]

Where t; and t, indicates the total duration of the event and H is the signif-
icant wave height. Each storm is then characterized (i.e. weak/moderate/
significant/severe/extreme) based on the energy classes indicated in
Perini et al. (2011).

The three storms selected, summarized in Table 2 in terms of duration,
starting and ending date, maximum wave height, maximum sea level and
storm energy, share the fact that they produced destruction and damage
in the study area. Hereafter the storms will be referred to in the text as
S1, S2 and S3 from least to most recent, as indicated in Table 2.

As reported by the ER Region Authorities that manage the geodatabase
of sea storm impacts, during S1 intense winds blowing from the North-East
(Bora winds) caused strong localized erosion in the emerged beach at Lido
di Spina for a total extension of about 1.5 km producing an estimated loss of
about 50,000 cubic meters of sediment. Damage to the wooden groynes
was also observed.

S2 was characterized by strong winds initially coming from the N and
then from NE (Bora), exceeding velocities of 70 km/h and with gusts up
to 100 km/h. Wave height reached values up to 3.7 m offshore and 2 m
near-shore while a water level peak of 0.85 m was measured by the Porto
Garibaldi tide gauge. On the beach of Lido di Spina the broad flood area
led to damage to tourist facilities, street inundation and driftwood and nat-
ural debris on the beach. A great deal of damage was suffered by the so-
called winter dune, temporary sand mounds built to protect the beach dur-
ing the winter. Moreover, >80 % of the piles of the wooden groynes located
in front of Bellocchio Beach were destroyed or severely damaged.

S3 was an extreme storm widely studied at the local regional level
(Perini et al., 2015a) due to its complexity and its exceptional character.
The maximum wave height of 4.66 m coming from North-East (characteris-
tic of the local “Bora Winds”) and the maximum sea level rise of 1.31 m

Table 2
List of observed damage events selected for the modeling simulations using XBeach.
Storm Start date End date Duration (hours) HSpay (m) SLax (M) Dominant Wave Direction Energy (m*>h) Class
S1 2010-03-07 12:00 h 2010-03-10 00:30 h 80 3.91 0.86 North-East 382.27 3
S2 2013-11-1023:30 h 2013-11-1117:30 h 37 3.79 0.85 North/North-East 322.01 3
S3 2015-02-05 04:30 h 2015-02-06 09:00 h 50.5 4.66 1.31 North-East 414.85 4
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reached during the storm are the highest values measured by the Nausicaa
Buoy and the Porto Garibaldi station since 2007. The storm is one of the
most catastrophic events for the ER littoral due to the concurrence of the
highest wave and level values ever recorded. Damage in terms of erosion,
marine ingression, infrastructural and coastal defense damage extended
throughout the region's coast. Based on the energy classification, all the
events analyzed were classified as “significant” except for S3, which is con-
sidered a “severe storm”.

3. Results and discussion
3.1. Model calibration

Any model requires careful calibration to existing data sets before it can
be used with any confidence (Splinter and Palmsten, 2011). A good model-
ing of sediment transport processes requires as many topography and ba-
thymetry measurements as possible. XBeach experts commonly use beach
profiles measured before and after storm events or small-scale laboratory
experiments (Schweiger and Schuettrumpf, 2021) for model calibration.
In this study, the amount of useful data close to storm events is rather lim-
ited. However, along the ER littoral a Regional Topo-Bathymetric Network
(RT-BN) consisting of about 250 cross-shore sections is systematically sur-
veyed to monitor morphological changes. The time interval between subse-
quent field measurements is around six years. Moreover, a topographic
survey limited to the subaerial beach around the footprint of the artificial
dune was performed in 2019 and 2020.

Calibration of the model was performed by adopting a dual approach:
(i) by comparing the model outputs with morphological variations between
2019 and 2020 through the Brier Skill Score (BSS) index calculation (van
Rijn et al., 2003; Sutherland et al., 2004; Roelvink et al., 2009); (ii) by
assessing the annual trend of shoreline retreat along the surveyed cross-
shore transects during the RT-BN and comparing the model outputs.
Since the BSS assessment can only be performed for the emerged profile
(where topographic data exist), a quantitative assessment of shoreline re-
treat was needed.

The BSS is given in Eq. (9) for comparing measured and simulated pro-
files.

Slip = [ > x’"ﬂ ©

BSS=1-— .
<oy — x>

where X;, is the predicted profile from XBeach; x,, is the measured profile
(post-storm) and X; is the initial (pre-storm) profile. The BSS classification
given by van Rijn et al. (2003) states that BSS < 0, bad; 0-0.3, poor;
0.3-0.6, reasonable/fair; 0.6-0.8, good; and 0.8-1.0, excellent.

The domain used for the calibration is described in Section 2.3.3 and
plotted in Fig. 4. The observed average annual trend in shoreline retreat
is about 8 m/year along the study area (Aguzzi et al., 2020). XBeach simu-
lations were performed for the period January 2019-December 2019. Ob-
served data retrieved by the Nausicaa buoy, located at Cesenatico, and
the Porto Garibaldi tide gauge were used as inputs (Fig. 4).

A shortlist of sensitive parameters relevant to the morphodynamic pro-
cesses to verify model performance was chosen based on the best available
literature review (Vousdoukas et al., 2011; Bugajny et al., 2013; Simmons
et al., 2019; Schweiger et al., 2020).

The first step was to increase the parameterized wave asymmetry sedi-
ment transport component (facua), which will result in less net offshore
sediment transport. The parameter was varied in the range 0-1 with an in-
terval of 0.1, and a BSS of 0.82 was achieved with a value of facua = 0.2
(excellent according to van Rijn et al., 2003). A shoreline retreat of about
8 m was calculated, in accordance with the observed trend.

Furthermore, the breaker index in the wave dissipation model (gamma)
was varied between 0.4 and 0.9 (Simmons et al., 2015). The best BSS of
0.63 was achieved with the default value of 0.55, therefore the gamma pa-
rameter was set to its default in the model simulations.

10

Science of the Total Environment 867 (2023) 161357

The last step was to increase the bed friction factor fw, which influences
wave dissipation near the surf zone. Here again, the best BSS (0.75) with
sensitivity tests was reached with the default value, while no relevant
accordance with annual shoreline trends was achieved by increasing the
parameter.

In conclusion, the best fit with the observed morphological varia-
tions was found with a facua value of 0.2, which influenced the erosion/
deposition process reproducing the correct morphological trend of the
beach for the period 2019-2020. Past studies have revealed the fact that
erosion overestimation in XBeach can be partially overcome by increasing
the facua parameter based on a site-specific calibration (Bugajny et al.,
2013; Nederhoff, 2014; Shahrizal et al., 2018; Simmons et al., 2019;
Vousdoukas et al., 2011).

3.2. Seagrass's effect on waves

In order to evaluate the effect of submerged seagrass on wave propaga-
tion the variation of significant wave height within the meadow was inves-
tigated. The effect of vegetation was studied under three selected storm
conditions (S1, S2 and S3, see Section 2.4) by comparing modeled wave
height with (VEG cases) and without (REF cases) the seagrass meadow at
eight stations (Fig. 6, on the left). Table 3 summarizes the attenuation on
waves induced by the seagrass for each stations plotted on the map in
Fig. 6 (on the left) together with the wave height variations at Station 2, Sta-
tion 3 and Station 6 during S1, S2 and S3 (Fig. 6 a-i).

Overall, the seagrass meadows produce a maximum attenuation in
wave height variation in the range 49-89 %. The highest value was ob-
served during S3 at Station 1 (89 %) while the lowest reduction (49 %) oc-
curred at Station 5 during S1 (Table 3). Incident waves are clearly
decreased by the seagrass, producing an important attenuation in coastal
risks. As indicated in Table 3, considering all the stations the mean attenu-
ation in wave intensity ranges from 19 % to 34 %.

The wave height through the seagrass meadow tends to be attenuated
over the entire storm duration with a greater impact on higher waves
(Fig. 6). A similar result is also confirmed in the study of Umesh et al.
(2022). In the same area, Montblanc et al. (2020) performed a study that in-
vestigated the use of vegetation to protect the coastal area by means of re-
vegetation of the natural dune system. By investigating the vegetation
effect on the wave peak at each station a maximum attenuation of 46 %
was observed at station 2 during S1. In this case, the vegetation was able
to reduce the wave peak from 2.64 m to 1.42 m. The wave peak percentage
attenuation varies between 14 % (S1, Station 7) and 46 % (S1, Station 1).
Overall, the vegetation is able to effectively produce an average attenuation
of 32 % at the storm's peak.

3.3. Mitigation of coastal flooding due to seagrass

Having already established that seagrass can help mitigate incoming
wave intensity, the effect of vegetation on coastal inundation was also in-
vestigated. Here we present a quantitative analysis of the maximum inun-
dation areas and depths derived from the results of XBeach runs with
(VEG) and without vegetation (REF). The purpose is to demonstrate the fea-
sibility of this NBS to contrast inundation of the lagoon during the selected
historical events.

Fig. 7 shows the inundation maps for S1, S2 and S3 with and without
the seagrass effect (VEG and REF cases). Overall, the presence of seagrass
tends to reduce the inundated area within the lagoon system, with the ex-
ception of S3. During this storm (Hmax = 4.66 m, SL = 1.31 m) seagrass
is not efficient in reducing the extension of the maximum inundation. The
percentage attenuation in the flooded area produced by the vegetation
(VEG) in contrast with the REF cases is 32 % during Sland 37 % for S2. Dur-
ing S3 there is no attenuation induced by seagrass (0 %) versus the REF
case.

Even though simulations found that seagrass induced an average atten-
uation of 25 % in wave height during S3, the failure to reduce the flooded
area depends on water levels. In fact, Umesh et al. (2022) demonstrated
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Fig. 6. Comparison of modeled significant wave height at three locations of the model domain within the seagrass meadows (Station 2, Station 3, Station 6), with (VEG) and
without vegetation (REF) during the three storms investigated in the study (S1, S2 and S3). The map (image on the left) shows the vegetation pattern together with the
locations. In the panel (right) showing the wave height (a-i) at the three locations, the blue line indicates the run without vegetation while the orange line represents the

run with the seagrass.

that sea level is not affected by vegetation. The peak water level of 1.31 m
observed during S3 produced a considerable inundation of the lagoon even
in presence of seagrass, although an attenuation of 14 % in inundation
depth is observed (Fig. 8). As mentioned above, ER coasts are particularly
vulnerable to high water levels due to their morphological conformation
characterized by low-lying sandy beaches and low-lying hinterlands often
situated either close to or even below mean sea level (Harley et al.,
2012). The risk of coastal flooding is higher the greater the rise in sea
level (Armaroli et al., 2012; Oppenheimer et al., 2019).

The ER coastline is typically a low environment with semidiurnal and
micro tidal regime (spring tidal range = 0.9 m), although storm surge
anomalies of up to 0.6 m can occur, especially in winter months (Harley
et al., 2012). The significant rise in sea level during S3 is an exceptional
value for the regional coasts (Harley et al., 2011; Armaroli and Duo, 2018).

However, it is important to note that reduced values of maximum inun-
dation depth are observed within the lagoon and showed in Fig. 8. The
higher attenuation in water depths occurred during S1 (58 %). Maximum
inundation depths within the lagoon without and with vegetation were

Table 3

Percentage of wave height attenuation (att,,) at eight locations in the seagrass
meadows. Attenuation is calculated on VEG runs with respect to the REF run out-
puts. The following data are provided for each station: maximum attenuation, mean
attenuation and the attenuation occurring at the wave height peak of the REF sim-
ulations. Results are also indicated for each storm (S1, S2, S3).

att,, max.(%) att,, mean (%) att,, of Hyax (%)

S1 S2 S3 S1 S2 S3 S1 S2 S3
Stationl 85% 84% 89% 30% 33% 34% 38% 44% 38%
Station2 66% 57% 65% 28% 27% 27% 46% 36% 31%
Station3 69% 50% 65% 22% 19% 20% 19% 17% 18%
Station4 62% 58% 65% 30% 26% 29% 35% 43% 37%
Station5 49% 54% 52% 22% 20% 22% 33% 54% 28%
Station6 56% 66% 61% 19% 21% 21% 14% 23% 36%
Station7 75% 78% 54% 22% 21% 26% 28% 28% 39%
Station8 54% 65% 58% 20% 20% 19% 24% 30% 25%
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respectively 1.42 m and 0.59 m. Significant attenuations were also modeled
during S2 (40 %) and S3 (14 %), Fig. 8.

While seagrass has proven effective in reducing the flooded area and
maximum inundation depths, the results show that the lagoon is inundated
during all storm events.

3.4. Sedimentation and erosion: can seagrass help?

It has been demonstrated by numerous researchers in the past that veg-
etation impacts not only the wave intensity, but also the concentration of
suspended sediments and their sedimentation (Boudouresque et al., 2021;
Chen et al., 2022). The morphological response of the seabed to S1, S2
and S3 was examined through the comparison of the final bed elevations
observed for the scenario with (VEG) and without vegetation (REF cases)
and presented in Fig. 9 (a,b,c). In the REF cases of S1, S2 and S3, due to
the marine ingression in the lagoon, flow channels developed on Bellocchio
Beach between the residual natural dunes, acting as artificial breaches for
hinterland flow propagation. Thanks to wave and flooding attenuation, al-
ready demonstrated in this study, in the VEG runs the flow channels are not
generated (see maps (a) and (c) of Fig. 9 where the channel locations are
marked with black dashed circles and named “Channel n”). Moreover, the
washover lobes formed within the lagoon area in the REF cases are heavily
attenuated in VEG simulations, in particular under S1 and S2 (Fig. 9a,b). In-
stead, Fig. 9c indicates that there are no relevant changes in beach
washover lobes during S3. For seagrass meadows (VEG cases), erosion of
the shore at the beach of Lido di Spina South (northern part of the domain)
is reduced compared to all REF cases. Indeed, a general tendency of accu-
mulation in the region immediately shoreward is observed.

Finally, in contrast with REF cases, where seagrass meadows are present
there is an increase in sediment deposition on the bottom (Fig. 9). The sed-
imentation is induced by the local presence of vegetation, which tends to
trap sand. The seagrass in the meadows is buried after the storm events;
in fact, accumulation (blue areas) is visible in Fig. 9 after the storms (S1,
S2, S3). A similar behavior is also confirmed by Chen et al. (2022) that in-
vestigated the impact of seagrass planting on sediment erosion and trans-
port in a green nourishment case. The comparison of the final beach
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Fig. 7. Inundation maps (a,b,c,d,e,f) during the three selected storms, with (VEG) and without seagrass effect (REF). The maps on the left (a,c,e) present the maximum
inundation depths occurring without any defenses (REF) while the images on the right show the maximum inundation depths observed with the seagrass effect (VEG).

profile (continuous purple line) with (VEG) and without (continuous green
line) vegetation (REF) together with the initial profile (dashed green line)
along a cross-shore section is plotted in Fig. 10. Overall, the NBS reduces
the beach erosion in between —1.5 and 1.5 m elevation (Fig. 10a,b,c).
The attenuation in shoreline retreat (Table 4) induced by the seagrass
(VEG) with respect to the REF runs varies from 29 % (S2) to 55 % (S3).
The highest reduction is observed during S3 (Hyax = 4.66 m, SL =
1.31 m), although a similar attenuation occurred also during S1 (Hy,.x =

3.91m, SL = 0.86 m, E = 382.27 m?h) which was less energetic than $3
(E = 414.85 m*h).

In S1, the shoreline movements was limited from x = 663 m (REF) tox =
681 m (VEG), preventing approximately a 18 m wide section of beach from
eroding (Fig. 10a). The total volume of beach erosion was also reduced from
55 m®/m (REF) to 32 m%/m (VEG) with an attenuation of 43 % (Table 4).

During S2 and S3, the seagrass respectively prevents about a 9 m and
23 m wide section of the beach from eroding (Fig. 10b,c) producing a
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case without any defenses. Attenuation in the inundated areas is indicated in teal while orange represents maximum inundation depth.

mitigation that prevents the erosion of the beach section of 29 % (S2) and
55 % (S3). The use of seagrass meadows also improves the mitigation of
eroded volumes, leading to a considerable attenuation ranging between
43 % and 50 % during S1 and S3, respectively (Table 4).

The results suggest that under S3 conditions, the seagrass produces the
highest benefits in coastal erosion mitigation in terms of shoreline retreat
(55 %) and eroded volumes from the subaerial beach (50 %) indicating
that the attenuation is greater the greater the intensity of the event.

A different use of vegetation as a real solution for Disaster Reduction
was investigated in the study by Montblanc et al. (2020) conducted in the
same coastlines of Bellocchio (Italy, Northern Adriatic Sea) by means a
dune system revegetation. The result in this study highlighted that vegeta-
tion impacted wave energy dissipation is a prime factor that can highly mit-
igate coastal flooding and erosion under current and for future sea level
rise. It is interesting to note that, irrespective of its implementing location
(on the dune top or on the sea bottom) the role of vegetation is highly rel-
evant for this coastal area.

3.5. The artificial dune to contrast marine ingression

The artificial dune is an alternative solution to vegetation deployed to
mitigate coastal risks such as flooding and erosion. In contrast with the
seagrass meadows, the dune is located on the subaerial beach with the
main goal of increasing the beach's elevation to contrast marine ingression.
Several studies have demonstrated the importance of high beach elevation
in dealing with extreme storm conditions and expected future increased sea
level (Vousdoukas et al., 2018b). The artificial dune's performance in
avoiding coastal inundation of the lagoon environment is summarized in
Table 5 in terms of percentage attenuation of the flooding area and the la-
goon's maximum inundation depth. As term of comparison, results related
to VEG simulations are also included in Table 5.

The dune's role in contrasting marine ingression into the lagoon is well
confirmed by the percentage attenuation in the areas affected by flooding
which varies in the range 51 % - 75 %. The least attenuation is observed
under the most extreme conditions (S3) induced by a combination of
waves and sea level, respectively of H = 4.66 m and SL = 1.31 m,
compared to S1 and S2 which experienced lower wave heights and water
levels. As shown in Table 5, the results highlight that the dune was more
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effective in reducing lagoon inundation (51 %-75 %) than the seagrass
(0 %32 %).

As expected, this attenuation results in lower inundation depths within
the lagoon. Fig. 11 presents the maximum inundation depths modeled dur-
ing the storms (S1,52,S3) in the DUNE cases.

The best attenuation of 99 % is achieved in the DUNE case during S2
(Fig. 11b). Overall the attenuation ranges from 75 % (during S3) to 99 %
(during S2). Here again, the lowest mitigation occurs during S3.

Comparing the attenuation of maximum inundation depth produced by
the DUNE cases (75-99 %) with the VEG cases (14-58 %), it is clear that the
dune is more effective in protecting the lagoon against flooding.

This novel NBS approach (the artificial dune) seems to guarantee high
mitigation of the overwash impacts due to its capability in providing a
substantial raising of beach elevation, with respect of the more traditional
measures (i.e. beach nourishment). As demonstrated by Plomaritis et al.
(2018), even if there is a significant reduction of the overwash discharge
with an associated impact reduction, coastal flooding remains an important
hazard during extreme conditions, even after the implementation of a
nourishment plan.

3.6. Artificial dune: effects on morphological variations

The results of XBeach simulations with the artificial dune (DUNE cases)
were also investigated in terms of morphological variations modeled during
the three historical storms (S1,S2,S3) presented in Fig. 12 and quantified in
Table 6 together with the percentage attenuation induced by the addition of
the dune.

Along the cross-shore section indicated with a green line on the map of
Fig. 12 (on the right), the behavior of the beach profile under S1 and S2
conditions is similar with (DUNE) and without (REF) the dune. No attenu-
ation in erosion of the beach's width occurred (0 %) with the dune. During
both storm cases (S1 and S2) the storm produces a considerable erosion of
the beach's foreshore, which results from the strong offshore sediment flux
induced by undertow as waves wash over the beach.

However, focusing on the eroded volumes, especially for S1 and S3, there
is an evident respective attenuation of 9 % and 35 % due to the dune. In fact,
the dune is effective in containing the landward limit of the beach erosion to
the dune's foot, avoiding any morphological variation behind.
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Fig. 9. Comparison between cumulative sedimentation-erosion for the XBeach runs with (VEG) and without (REF) seagrass, for each simulated storm (S1, S2, S3). Negative
values mean that seagrass produce an attenuation of beach erosion with respect to the REF case. Conversely, where values are positive an increase in erosion occurs.

The maximum mitigation in beach erosion is observed during S3
(Table 7), where the landward limit of erosion in the DUNE case is limited
to the dune's foot, approximately x = 640 m, instead of x = 620 m in the
REF case (Fig. 12c). At the dune's foot there is also visible local erosion
caused by the imposition of the dune as a hard structure. However, a kind
of sediment accumulation can be seen immediately in front of such erosion,
at the seaside. This frontal accumulation is one of the expected behaviors of
the dune that will tend to accumulate sand on the seaside, leading to a ten-
dency for the structure to grow and further stabilize following its natural ac-
cretion (De Vries et al., 2015).

Overall, results suggest that the dune acts as an obstacle against storm
impacts and moves the landward limit of beach erosion to the dune's foot,
totally avoiding any morphological variation behind.

3.7. Co-benefits of the NBSs

The previous sections showed encouraging results with respect to miti-
gating waves, coastal flooding areas and the erosion occurring in the beach
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and inland trough the use of the artificial dune and seagrass meadows. Here
we want discuss on the possible integration of the two NBS with the pur-
pose of creating a synergy in coastal risk mitigation through eco-
sustainable solutions with a low impact on nature. With the goal of investi-
gating the improvements derived from their integration compared to their
separate use, XBeach runs with both the NBS were performed for the three
selected historical storms (51,52, S3).

Results of INT runs (Table 7) indicate that the attenuation in the maxi-
mum flooded area compared to the REF cases ranges from 65 % to 77 %,
with the highest reduction observed under S1 conditions (Hmax = 3.91
m, SLmax = 0.86 m). Therefore, a significant decrease in values of maxi-
mum inundation depth is also visible for all the storms (79 % - 99 %). For
S2, the attenuation of 99 % suggests that the inundation depth values
with the NBS integration are almost zero.

It is interesting to note that by integrating the two NBS a benefit in re-
ducing the inundation breadth is achieved compared to their use on their
own. Table 7 displays the percentage benefit in reducing the extent of the
lagoon inundation and the induced water depths in INT cases with respect
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to DUNE and VEG cases (positive values indicate an improvement in mitiga-
tion). The highest gain in all INT cases is achieved versus VEG cases,
varying between 39 % and 65 % for the inundation area and 38 % - 65 %
for inundation depths. Adding the seagrass effect to the dune seems to be
less beneficial in contrasting inundation breadth (1 %-14 %) and depths
(0 %-5 %) than the DUNE-only cases. Since the risk of inundation strongly
depends on the beach slopes (Harley and Ciavola, 2013b), seagrass has
been demonstrated to be efficient in decreasing incoming wave intensity,
while the artificial dune works better than seagrass in dealing with the
inland marine ingression, due to its ability to increase the beach's elevation.
Overall, the greater benefits produced by the INT cases compared to the
DUNE and VEG cases are seen during S3 conditions (Hmax = 4.66 m,
SL = 1.31 m).

Having already established that the dune provides the best protection of
the lagoon against marine ingression, the impacts on morphological varia-
tions were also investigated. Percentage attenuations in shoreline retreat
and beach erosion (in terms of volumes) of all three modeled cases (VEG,
DUNE and INT) are compared in Fig. 13.

Table 4

Shoreline retreat (m) and eroded volumes (m) at the cross-shore indicated in Fig. 10
for the REF runs (without costal defenses) and the VEG runs (with the seagrass) for
each storm modeled (S1,52,S3). The percentage attenuation of both shoreline re-
treat and eroded volumes is also presented for each VEG simulation with respect
to the REF run.

The efficiency in reducing landward shoreline movement modeled in
the INT cases for all the storm events seems to be more due to the presence
of the seagrass (VEG) than the dune (DUNE). In fact, attenuations of the in-
tegrated simulations (INT) are comparable with those achieved with the
seagrass alone (Fig. 13a). Analyzing the results in terms of beach erosion
(Fig. 13b), there is no significant improvement achieved by integrating
the two NBS (INT, 19 % - 35 %) compared to the use of seagrass alone
(43 % - 51 % attenuation). As already demonstrated in this study, the
dune surely limits the landward erosion of the beach at the dune's foot
but from the foreshore a larger amount of sediment is moved seaward
due to the undertow currents generated. This means a larger amount of sed-
iment is lost from the beach. However, the addition of the seagrass in front
of the beach where the dune is implemented led to significant improve-
ments, increasing the percentage attenuation by an average of 16 %
(Fig. 13b).

The combined implementation of the two NBS was more effective in
mitigating marine ingression compared to their separate use. Numerical
simulations allowed for a quantification of the benefits in reducing coastal

Table 5

Percentage of attenuation in inundation area and maximum inundation depth in the
lagoon with the dune (DUNE cases) compared to the reference simulations without
coastal defenses (REF cases) for the three storm conditions analyzed (S1,52,5S3). The
attenuation in the VEG cases is also reported in the table for comparison. All values
refer to the lagoon area.

Shoreline retreat Attspore (%) Eroded volume atter, (%)

(m) (mq/m) Storm Hpae (M)  SLyac (m) DUNE vs REF VEG vs REF

REF DUNE REF DUNE Attfiood (%) Attipmax (%) Attfood (%) Attipmax (%)
S1 35 17 52 % 55 32 43 % S1 3.91 0.86 74 % 95 % 32% 58 %
S2 29 21 29 % 38 18 51 % S2 3.79 0.85 75 % 99 % 37 % 40 %
S3 42 19 55 % 60 30 50 % S3 4.66 1.31 51 % 75 % 0% 14 %

15



S. Unguendoli et al.

Legend

Max.inundation depth (m)
<=0.25
0.25-0.5
0.5-0.75
0.75-1

mi-1.25

EN1.25-15

m15-175

> 1.75

— Dune layout

DUNE case (S1)

0 250 500 750

DUNE case (S3)

0 250 500 750

Science of the Total Environment 867 (2023) 161357

Legend

Max.inundation depth (m)
<=0.25
0.25-0.5
0.5-0.75

[90.75-1

m1-125

N1.25-15

m15-175

> 1.75

— Dune layout

DUNE case (S2)

0 250 500 750

Legend

Max.inundation depth (m)
<=0.25
0.25-0.5
0.5-0.75
0.75-1

mi-1.25

HN1.25-15

m15-175

> 175

— Dune layout
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inundation and erosion, but several relevant physics and socio-economic
implications are also worthy of note.

The wave attenuation modeled in XBeach due to seagrass suggests that
over the time the dune will be subjected to inferior seaward forcing which
will preserve the dune's stability and functionality for a longer period of
time. In this sense, the seagrass acts as a protection not only for the beach
but also for the dune itself, helping it to maintain its effectiveness over
time. Moreover, dunes are highly dynamic structures that will tend to
grow and stabilize over time due to several natural factors (such as wind
and spontaneous vegetation growth) which are endangered by extreme
storm conditions acting on the beach. The attenuation of waves due to the
seagrass will permit a more rapid and intensive development of the dune.

As stated by Gambi et al. (1990) a large variety of organisms - especially
juvenile stages - find shelter in seagrass meadows (for this reason defined as
“nurseries”) from physical factors and predators, and also find food. Thereaf-
ter, in addition to these supporting functions (i.e., habitat for organisms, flora
and coastal species) and mitigating functions (i.e., attenuation of coastal
flooding and erosion), significant social value can be provided by this inte-
grated ecosystem through tourism, recreation, education and research.

4. Limitations of the study

Simulations carried out with the XBeach model had the purpose of com-
paring the performance of the two different NBS in mitigating coastal
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inundation and erosion. Model results are strongly dependent on the sche-
matization and the parameters used to describe these NBS within the
model.

Although the effect of vegetation is already included in XBeach (Van
Rooijen et al., 2016) and partially corrected by drag coefficient, the model-
ing of the effects of storms and high wave energy conditions on seagrass
meadows (and vice versa) could be improved (van Rooijen et al., 2015).
The correct value of Cp would need accurate calibrations based on in-situ
experiments and also its magnitude can be impacted by the incident wave
and current forcing during the incident conditions (Houser et al., 2014).
The seagrass flexibility could be added to account for the bending of the
seagrass' leaves due to the currents, hence reducing the efficiency of the
seagrass in waves energy reduction (Beudin et al., 2017). Furthermore, a
failure scheme could be introduced for seagrass destroyed either by strong
current or sediment burial in severe storms which was not considered in
this study.

Several studies modeled natural or artificial dunes with XBeach
(Roelvink et al., 2009; Danish and Authority, 2012; Splinter and
Palmsten, 2012; Bugajny et al., 2013; Harley and Ciavola, 2013b; Miani
et al., 2015; Karunarathna et al., 2018), however the complexity in mate-
rials encompassing in the proposed artificial dune is not yet implemented
and/or studied with XBeach. The model was developed to simulate the be-
havior of sand dunes and is therefore unable to accurately represent the
wood material and its implications. The schematization applied in this
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study is a first attempt to represent the artificial dune but further
experiments and investigations can be relevant in improving its model
reproduction.

Moreover, the limited available topo-bathymetric measurements did
not allow for a storm-scale calibration which would have been much
more relevant given that the study analyzes three historical storm events.
However, several relevant parameters were calibrated and led to promising
values of the BSS index, indicating a good performance of the model in the
study area.

Overall, the study demonstrated the ability of seagrass and the artificial
dune to mitigate coastal impacts, and especially underscored how their in-
tegration can produce significant improvements in contrasting storm im-
pacts on the beach. It must be taken into account that the presence of
both the NBS on a coastal stretch depends on the combination of different
factors, i.e., waves, bottom and seabed light conditions suitable for the
seagrass growth and regeneration, a beach environment that is as natural
as possible that allows the foredune building, stabilization and growth,
avoiding the disturbance of seaside infrastructure and urbanized areas.

Table 6

Shoreline retreat (m) and eroded volumes (m) at the cross-shore indicated in Fig. 10
for the REF runs (without costal defenses) and the DUNE runs (with the artificial
dune) for each modeled storm (S1,52,S3). The percentage attenuation of both shore-
line retreat and eroded volumes is also presented for each DUNE simulation with re-
spect to the REF run.

These aspects were not considered and discussed in this study, which in-
stead approached the problem from a modeling point of view.

The study aims to demonstrate the possible benefits of the two coastal
nature-based protections by imparting the research community/coastal en-
gineers with possible ideas for improving coastal management by adopting
natural, eco-sustainable solutions with low economic and social impact
where possible.

5. Conclusions

The purpose of this study was to investigate the role of two NBSs
(seagrass meadows and an artificial dune built completely with natural
materials) in reducing coastal risks in terms of coastal erosion and inun-
dation. In contrast with other studies (Bao, 2011; John et al., 2016;
Gesing, 2019; Schweiger and Schuettrumpf, 2021) the integration of
the two NBS was also investigated through numerical simulations with
XBeach.

Table 7

Percentage attenuation in the flooding area and the max inundation depth in the la-
goon area. Results of INT runs (which integrate the seagrass and the artificial dune
effects) are presented in the first two columns for the three storms studied (51,52,
S3). The benefits observed by the integration runs (INT cases) with respect to the
DUNE and VEG cases (considered alone) are also detailed in terms of percentage in-
crease of the benefit in mitigating the flooding area and the max inundation depth.

INT case INT vs DUNE INT vs VEG
Shoreline retreat Attshore Eroded volume atter, att att att att att att
% 3 % tood IDmax tAood IDmax tAood IDmax

(m) %) (m/m) @ ) %) %) ) )

REF DUNE REF DUNE benefit benefit benefit benefit
S1 35 35 0% 55 50 9% S1 77% 96 % +3% +1% +45% +38 %
S2 29 29 0% 38 38 0% S2 76 % 99 % +1% 0% +39% +59 %
S3 42 26 38 % 60 39 35% S3 65 % 79 % +14% +5% +65 % +65 %
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Fig. 13. Percentage attenuation in shoreline retreat and eroded volumes of the subaerial beach during the three storms S1,S2 and S3 for: simulations with the seagrass (VEG),
simulations with the artificial dune (DUNE) and simulations with the integration of the two NBS (INT).

The study demonstrated that seagrass is efficient in attenuating incom-
ing wave intensity, in terms of significant wave height, with a maximum re-
duction of 89 % and an average attenuation at the storm's peak of 32 %. As
expected, this attenuation results in a mitigation in the extent of the lagoon
flooding in the range of 0 % - 37 % due to seagrass meadows, compared to
the reference case (REF) without any coastal protections. The highest atten-
uation of inundation was achieved with the artificial dune (51 % - 75 %)
due to its ability to increase the beach's elevation. The dune acts as a barrier
against marine ingression and induces a limitation of the landward subaer-
ial beach erosion at the dune's foot. In fact, it avoids any morphological var-
iation within the lagoon. On the other hand, seagrass is effective in
reducing the flooded area and the maximum inundation depths (14 % -
58 %) but it does not prevent the lagoon from flooding. However, due to
its ability to mitigate incoming waves, seagrass meadows help contrast ero-
sion preventing up to 30 m of beach from eroding.

While the dune has been demonstrated effective in limiting landward
beach erosion at the dune's foot, totally avoiding any morphological varia-
tion behind it, the seagrass was found to be more effective in reducing the
storms' impact on the foreshore in terms of erosion and landward shoreline
movement, with maximum attenuation of 50 % and 55 %, respectively.

Another important aspect brought to light by the study is that both the
shoreward and seaward margins of the meadow were buried after the storm
events. The seagrass in the meadows traps the sand, thus preventing the loss
of materials seaward, caused by the undertow currents.

This is particularly important when the seagrass is integrated with the
artificial dune (INT cases), and will result in an important sediment supply
for the beach under future extreme storm conditions, leading to a redistri-
bution of sediment within the beach system.

The combined use of seagrass and the dune as a synergic solution com-
pared to their separate deployment showed encouraging results, especially
with respect to coastal inundation. This is true in particular with regard to
the seagrass runs, with a maximum benefit of 65 % in attenuating the inun-
dation area and the maximum inundation depths, both occurring during
the most energetic historical storm (S3). Therefore, an important conclu-
sion is that the integration of the two NBS produces the best benefit in
terms of inundation during the worst storm conditions.

A further benefit of the artificial dune with respect to the seagrass
consists in reducing the landward limit of the erosion at the dune's foot,
preventing any morphological variations or inundation of the lagoon (i.e.
acting as a barrier against marine ingression, increasing the beach's eleva-
tion, limiting the landward erosion). In contrast, due to the considerable
attenuation of incoming waves, seagrass benefits the dune preserving its
stability and functionality over the time.

The study demonstrated that the integration of the NBS to mitigate
coastal risks will not only result in mitigating functions (i.e., attenuation
of coastal flooding and erosion) but also in supporting actions
(i.e., habitat for organisms, flora and coastal species) which will lead to
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significant social value of the natural ecosystem composed of seagrass and
the artificial dune thanks to tourism, recreation, education and research.

Overall, these results suggest that the integrated application of NBS at
Lido di Spina (Italy) is highly recommended to mitigate coastal risk. XBeach
with NBS demonstrated high potential in assessing the vulnerability of
beaches to coastal erosion considering historical high storm conditions.
Hence this integrated approach can support coastal engineers/ managers/
planners in decision making and thereby aid in warning of possible ero-
sion/ structural damage and the associated threat to human life and prop-
erty. Future studies comprising sustainable management of coastal
ecosystems must consider integrating coastal vegetation with infrastructure
design (van Zelst et al., 2021) which is considered as a sustainable and cost-
effective way in preserving the global coastlines. The study can act as a base
for replication in other coastal regions where the changes in the prevailing
wave and sea level conditions must be considered.
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