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Coastal areas, critical to human development and economic activity, face increasing pressures from climate
change-driven hazards such as flooding and erosion. Traditional hard engineering solutions for coastal
protection are proving inadequate to manage escalating risks, prompting a shift toward Nature-based Solutions
(NDbS). These approaches leverage natural ecosystems to mitigate risks while providing co-benefits such as
carbon sequestration, biodiversity enhancement, and socio-economic opportunities. This report evaluates the
potential of nature-based strategies in coastal risk management, providing insights from specific case studies.

The report explores the management and restoration of salt marshes and seagrass meadows in the Venice
Lagoon, assessing their role in enhancing ecosystem resilience and delivering bio-morphodynamic and carbon
sequestration co-benefits. It examines the protective capacity of oyster and polychaete reefs in reducing beach
erosion and flooding, showcasing hybrid NbS that integrate natural and engineered approaches. The adaptation
of coastal defense structures in the Misa River estuarine system is also analyzed to highlight the potential of
NbS to enhance flood resilience while maintaining ecological functionality.

Findings demonstrate the versatility of NbS as sustainable alternatives to conventional coastal defense
strategies. While the adoption of NbS in the Mediterranean region remains limited due to knowledge gaps and
regulatory challenges, these solutions hold significant promise for fostering resilient and sustainable coastal
communities. To scale up NbS implementation, greater investment in cross-sectoral collaboration, research,
and policy development is essential. This report provides valuable insights into the design, application, and
benefits of NbS, offering a framework for advancing adaptive coastal management in the face of climate
change.
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Figure 1. Examples of fascines produced locally (upper left) and then placed to protect salt marsh

edges from erosion in LIFE VIMINE (Barausse et al., 2015)...........cuuuueimmmimiiimiiiiiiiiiiiiiiiinnenns 13
Figure 2. Seagrass transplantation sites in the LIFE SeResto project (green) and monitoring sites
(red) (Bonometto et al., 2018). ...ccviviiiiiiiiiiiiiiiiiee ettt 14

Figure 3: Geomorphological Setting. (a) The Venice Lagoon captured in satellite imagery
(Copernicus Sentinel, 2020). Natural salt marshes are outlined in yellow, while restored salt
marshes are depicted in purple. (b, ¢, d) Detailed views of the three primary lagoon inlets. (e)
A rose-diagram illustrating the wind climate data recorded at the "Chioggia Diga Sud"
anemometric station from 2000 to 2019. Notably, it highlights the two predominant winds: the
north-easterly Bora wind and the south-easterly Sirocco wind. (Image © Finotello et al., 2023).
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Figure 4: Morphological evolution of the Venice lagoon based on available historical bathymetric
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Figure 5: Google Earth photo showing artificial salt marshes in the southern Venice lagoon near
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Figure 6: Marsh restoration using nature-based solution (https://www.lifevimine.eu)..................... 20

Figure 7: The data used in the numerical simulations pertain to a specific time period from November
17, 2005, to December 17, 2005. Water levels were monitored and recorded at the "CNR
Oceanographic Platform,” and wind data were collected from the "Chioggia Diga Sud"
anemometric station, as depicted in panel (b). The computational grid employed in the
numerical model is illustrated in panel (b) and corresponds to the 2014 morphological
configuration of the Venice Lagoon. Panels (c) and (d) compare the distributions of water levels
(c) and wind climate (d) during the analyzed period to those observed over the period from 2000
to 2019, represented in grey. These comparisons provide valuable context for understanding
the conditions simulated in the study. (Image from Finotello et al., 2023) ............ccovvvieeenee.n. 25

Figure 8: Differences in numerically modeled maximum water levels across the Venice lagoon.
Results are presented as maps of differential values between the 2014 (i.e., present-day)
configuration of the Venice lagoon and other morphological configurations. A) Differences
between 2014 and 1901, B) Differences between 2014 and 1932; C) Differences between 2014
and the “Restored 1901” scenario; D) Differences between the 2014 and “Restored 1932”
scenario. Note different colormap scales for panels A-B and C-D. ...............uuviiiviiiiiiiiiininnnnns 26

Figure 9: Differences in numerically modeled significant wave heights across the Venice lagoon.
Results are presented as maps of differential values between the 2014 (i.e., present-day)
configuration of the Venice lagoon and other morphological configurations. A) Differences
between 2014 and 1901; B) Differences between 2014 and 1932; C) Differences between 2014
and the “Restored 1901” scenario; D) Differences between the 2014 and “Restored 1932”
scenario. Note different colormap scales for panels A-B and C-D. ..............uuvviiiviiiiiiiiiiiinnnnns 27

Figure 10: Differences in numerically modeled maximum bed shear stresses across the Venice
lagoon. Results are presented as maps of differential values between the 2014 (i.e., present-
day) configuration of the Venice lagoon and other morphological configurations. A) Differences
between 2014 and 1901, B) Differences between 2014 and 1932; C) Differences between 2014
and the “Restored 1901” scenario; D) Differences between the 2014 and “Restored 1932”
scenario. Note different colormap scales for panels A-B and C-D. ...........coiiiiiiiiiiiiiiiinnnnnn. 28

Figure 11: Modeled changes in sediment volumes across different morphological units are
presented. For salt marshes, tidal flats, and tidal channels, positive values indicate sediment
deposition, while negative values represent erosion. For inlets, sediment volumes are
calculated as the integral of sediment flux across all lagoonal inlets, where positive values

6



Finanziato /55, Ministero N
dall'Unione europea ( 7 dell’Universita l Italiadomani
NextGenerationEU %#3%> e della Ricerca - o'

NO NAZIONALE
DI RIFRESA E RESILIENZA

denote sediment import into the lagoon and negative values represent sediment export to the
0] 0 1= Y= - VUSSP 29
Figure 12: Modelled salt-marsh vertical accretion rates (taken here as the vertical accretion due to
mineral sediment deposition alone) for different morphological configurations of the Venice
= T [0 o R PP PP 29
Figure 13. Carbon accumulation and CO, sequestration estimate in the salt marshes of the Venice
Lagoon (modified from Puppin et al., 2024). ..o 33
Figure 15. Results of the semi-analytical model by Marini et al. (2022), showing the non-dimensional
beach profile recession AYHO0depending on the breakwater freeboard Rc. ........ccccoevveeveinnns 35
Figure 16. Map of the differences in water depths in the flooded areas behind the breakwaters. The
difference was computed between the simulations run with i) original breakwaters and ii)
A0APLEA DIEAKWALEIS. ... ..o e e e e e e e e e e e ettt e e e e e e e e e e et taa e s e e eaeeeareraaaas 36
Figure 17. Map of the mean water levels at the sixth hour of the simulations (peak of the simulated
storm) run with original breakwaters (left) and adapted breakwaters (right). .............cccccuveeeee 36
Figure 18. Map of the maximum wave height at the sixth hour of the simulations (peak of the
simulated storm) run with original breakwaters (left) and adapted breakwaters (right)........... 37



Finanziato 725 Ministero .
dall'Unione europea ( dell’'Universita l ‘M Italiadomani
NextGenerationEU 3> e della Ricerca - ol

NO NAZIONALE
DI RIFRESA E RESILIENZA

Coastal areas are essential to human development, offering numerous economic and social benefits. As a
result, a significant portion of human settlements are located along coastlines, hosting a share of the global
population that has been increasing rapidly over the last decades (Neumann et al., 2015). Estimates indicate
that at least 10% of the world’s population currently lives in coastal areas lying less than 10 meters above
the mean sea level (McGranahan et al., 2007; Merkens et al., 2016), and roughly one-third of the European
Union’s population resides within 50 kilometers of the coast.

Thus, coastal zones play a critical role in territorial structuring and development and are typically
characterized by rapid urbanization, high population density, seasonal tourism, and often conflicting
economic interests. These dynamics increase pressure on these sensitive and vulnerable zones (IPCC, 2014),
where climate change-driven hazards, such as flooding and extreme coastal erosion, are increasingly causing
significant economic and social damage. This trend underscores the need for prompt risk mitigation and
damage prevention through suitable adaptation strategies.

Historically, coastal protection has relied on conventional "hard" engineering infrastructures, such as
seawalls, groins, sloping structures, and offshore barriers. However, the growing recognition that these
infrastructure-based solutions are insufficient to manage the escalating risks associated with climate changes
(Pranzini et al., 2015) has led to a demand for more flexible, cost-effective, resilient, and environmentally
sustainable measures (Eggermont et al., 2015).

Among the most promising modern approaches to coastal protection are Nature-based Solutions (NbS)
(Gémez Martin et al., 2020). The European Commission defines NbS as “living solutions inspired by,
continuously supported by, and using nature to address various societal challenges in a resource-efficient and
adaptable manner, while also providing economic, social, and environmental benefits” (European
Commission, Directorate-General for Research and Innovation, 2022). These solutions emphasize
biodiversity, and the essential functions and processes of ecosystems, as part of holistic climate adaptation
strategies (Gémez Martin et al., 2020).

As an umbrella concept, NbS encompass diverse conservation and sustainability measures. Terms like green
infrastructure, ecosystem-based adaptation, ecosystem-based mitigation, hybrid infrastructure,
ecosystem restoration, and ecosystem protection all fall within the NbS framework. One of their key
advantages over traditional adaptation strategies is their ability to generate multiple co-benefits. For instance,
restoring or protecting coastal wetlands can enhance resilience to storms by acting as natural barriers. At the
same time, these actions provide additional benefits like carbon sequestration, biodiversity enhancement,
fisheries resources, job creation, and tourism opportunities (Woodward and Wui, 2001; Clarkson et al.,
2014).

NbS are categorized into three types based on the level of human intervention (Zanin et al., 2024; Gomez
Martin et al., 2020):

e Type 1: Low human intervention — These approaches focus on preserving the ecological integrity
and stability of essential ecosystem functions and habitats without intensive management or
interference. Examples include ecosystem protection and conservation.

e Type 2: Medium human intervention — This category includes management approaches that
sustainably and multifunctionally enhance key ecosystem services. Examples include ecosystem
restoration and management practices in agricultural lands, forests, river systems, grasslands,
and pastures.



Finanziato 725 Ministero .
dall'Unione europea ( v dell’Universita l Italiadomani
NextGenerationEU “35%> e della Ricerca - o'

NO NAZIONALE
DI RIFRESA E RESILIENZA

e Type 3: High human intervention and hybrid solutions — These approaches involve significant
ecosystem modification or the creation of new ecosystems designed for multiple purposes. It
includes green (or blue, in aquatic ecosystems) infrastructures, described by the European
Commission (2013) as “a strategically planned network of natural and semi-natural areas designed
to provide a wide range of ecosystem services.” Combining natural and grey infrastructure in hybrid
solutions sometimes results in creating entirely new ecosystems.

This categorization underscores the versatility of Nature-based Solutions as a multi-benefit strategy. By
aligning with sustainability principles, NbS offer a dynamic approach to climate adaptation, particularly in
vulnerable coastal regions, where their ability to balance ecological health with human needs is critical.

Diverse habitats based on plant and animal formations, such as mangroves, salt marshes, seagrasses, beach
dunes, coral reefs, oyster reefs, and polychaete reefs, provide natural coastal defense, primarily through wave
reduction and sediment stabilization. As a result, the conservation, restoration, or even creation of these coastal
ecosystems can significantly reduce the vulnerability of eroding coasts to current and projected increases in
flooding, offering numerous benefits to the social-ecological system (Goémez Martin et al., 2020).

Zanin et al. (2024) reviewed the adoption of NbS for coastal risk management in the Mediterranean by
analyzing 162 scientific papers and documents. Of these, only 23 were deemed relevant to the study, and 11
cases of NbS adoption were identified. Among these, only one NbS was classified as 'Low human
intervention' (seagrass conservation), six as 'Medium human intervention' (seagrass restoration, dune
restoration, beach nourishment, restoration of sediment delivery, wetland restoration, and forest restoration),
and four as 'High human intervention' (infrastructural drainage systems, coastal barriers, stone wall terraces,
and dune construction).

Addressing the challenges posed by climate change and human pressures on coastal areas requires a paradigm
shift from traditional hard engineering solutions to adaptive and sustainable approaches. NbS emerge as a
promising alternative, integrating environmental conservation with climate adaptation and socio-economic
benefits. However, their widespread adoption faces significant barriers, including knowledge gaps, regulatory
hurdles, and limited financing.

To overcome these challenges, greater awareness, cross-sectoral collaboration, and investments in
research and policy development are essential. Scaling up the application of NbS can enhance coastal
resilience by helping communities adapt to climate change while preserving vital ecosystem services. The
Mediterranean example highlights the potential for NbS to transform risk management strategies, but it also
underscores the urgency of addressing barriers to their implementation. By doing so, we can move towards
more sustainable and adaptive coastal communities, better equipped to face the uncertainties of a changing
climate.
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The Venice Lagoon, one of the largest and most critical transitional ecosystems in the Mediterranean
(Tagliapietra et al., 2009), is a shallow back-barrier lagoon located in the northwestern Adriatic Sea, Italy. It
spans approximately 550 kmz?, has a mean depth of 1.5 m, and is characterized by a semi-diurnal, micro-tidal
regime with an average tidal range of 1 m. Over centuries, human activity has significantly altered this
ecosystem, transforming it into a "human-oriented" lagoon that still retains key natural attributes. Major
hydraulic modifications—such as river diversions in the 15th-16th centuries, canal excavations and
construction of jetties at the inlets since the 19th century—have reduced sediment inflows and caused a
generalized deepening of the lagoonal beds (Brambati, 2003; D’ Alpaos, 2010). Industrial expansion, extensive
reclamation of intertidal areas, and subsidence from groundwater extraction (1930-1970) further disrupted the
lagoon’s ecological balance. This transformation has led to a significant expansion of subtidal flats at the
expense of the intertidal zones. The recent activation of storm-surge barriers to protect VVenice from flooding
has further modified lagoon hydrodynamics, accelerating the deepening of tidal flats and limiting sediment
accumulation on salt marshes (Mel et al., 2021; Tognin et al., 2021). With negligible contributions from
external fluvial and marine sediment sources, current sediment deposition is mainly sourced from the
resuspension, reworking, and redistribution of internal lagoon sediments by hydrodynamic processes,
including tidal currents, wind-driven waves, and storm surges (Tognin et al., 2021). Over the centuries, the
extent of salt marshes in the Venice Lagoon has drastically declined, from approximately 180 km? in 1811 to
only around 43 km? by 2002 (Carniello et al., 2009; D’ Alpaos, 2010; Tommasini et al., 2019). This loss has
been particularly pronounced in the central lagoon, whereas the northern sections have retained more of their
natural configuration. Additionally, seagrass meadows have suffered significant declines due to eutrophication,
macroalgal blooms, and hydraulic and mechanical clam harvesting.

This degradation has severely affected the lagoon’s biodiversity and ecosystem stability, further emphasizing
the need for effective restoration and conservation strategies.

Following the catastrophic flooding of 1966, the Italian government enacted the "Special Law for Venice"
(Law n. 171, 1973) to protect Venice and its lagoon from future flooding. This legislation declared “the
preservation of Venice and its lagoon as a matter of paramount national interest” and introduced the concept
of a basin-wide management policy (Quintana et al., 2018). In 1984, general criteria were established to
address the hydrogeological stability of the lagoon, with initiatives to “conduct studies, projects, experiments,
and works for the hydrogeological balance of the lagoon, to halt and reverse basin degradation.” This
framework led to the first restoration efforts in the 1980s (Quintana et al., 2018).

Additionally, after the European Commission initiated an infringement procedure against the Italian
government in 2005 concerning the MOSE project's impact on biodiversity under the Birds Directive (79/409)
and Habitat Directive (92/43) (infringement 2003/4762), a comprehensive compensation plan was introduced
by the Venice Water Authority from 2007 to 2011. The plan aimed at conserving and restoring the lagoon's
protected sites included targeted initiatives such as reconstructing salt marshes, restoring tidal flats, and
transplanting seagrasses to promote habitat recovery (Quintana et al., 2018). Subsequent restoration projects
saw collaborations between universities, research institutes, cooperatives, and local companies, working
alongside Venetian authorities. These efforts, often funded by the EU LIFE programme, have expanded on
early restoration initiatives with targeted, evidence-based projects (Quintana et al., 2018).

The initial attempts to safeguard the salt marshes in Venice relied on traditional approaches that often resulted
in significant environmental impacts during construction. These methods struggled to replicate the intricate
natural systems developed over centuries and proved challenging to implement on a large scale. A more
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effective and environmentally friendly approach to restoration involves the use of NbS, which leverage local
natural resources and guide natural processes. This approach ensures minimal environmental and landscape
impact, cost-effectiveness, and delivers social benefits to the local communities involved. Many projects in
the Venice Lagoon have embraced NbS, including Life Natura, Life Vimine (https://www.lifevimine.eu), Life
Lagoon Refresh (http://www.lifelagoonrefresh.eu), and Life Seresto (http://www.lifeseresto.eu).

The restoration projects inspired by the Venice Special law, managed by Consorzio Venezia Nuova (CVN),
have encompassed canal excavations, reconstruction of intertidal flats and salt marshes, renaturalization of
previously reclaimed industrial areas, and interventions on subtidal areas to reduce wave shear stress and
enhance the stability of the lagoonal beds through seagrass transplantation. This initiative led to the restoration
or creation of 106 salt marshes, covering approximately 11 km2. Additionally, 18 tidal flats spanning 2 km?
were constructed (Volpe, 2012).

Salt marsh restoration included rebuilding eroded areas, protecting vulnerable edges, raising low marshes, and
constructing new salt marshes (Nascimbeni, 2007). The restoration process primarily involved creating
containment barriers along designated perimeters, where fluidized muddy sediment was pumped in to reach
the target elevation. Suitable sediments for salt marsh restoration were sourced from lagoon canal excavations,
necessary to restore water flow and navigation channels (Volpe, 2012).

The LIFE project NATURA “Barene: Protection and Restoration through Natural Engineering Techniques”,
led by the Venice Water Authority in collaboration with the Coastal Research Center of the Lower Saxony
Ministry of Environment, the Technical University of Berlin, and the City of Venice, addressed the issue of
salt marsh loss and the degradation of associated habitats of community interest. The project’s main objective
was to restore and protect sections of salt marshes, tidal flats, and seabeds in the northern lagoon area near
Burano, particularly in the "Palude dei Laghi." Conducted from late 1999 to early 2002, the project tested
various natural engineering interventions to enhance sediment deposition without disturbing the ecological,
morphological, hydrodynamic, and landscape characteristics of the marshes. The interventions were tailored
to the local conditions of each area, such as wave exposure, depth, and erosion levels. Techniques tested
included:

e Placement of “buzzoni” and “burghe” barriers® along marsh edges in areas with low and high
erosion, respectively, to protect against erosion and help contain sediment.

! Burga: A conical framework filled with earth, gravel, stones, or similar materials, used to protect riverbanks from erosion
caused by water. The framework is constructed with poles or flexible rods, with a base diameter of 1-1.5 meters and a
height of 4-5 meters. Due to their shape, burghe are not well-suited for regular defense but are sometimes replaced with
buzzoni (see below).

Buzzone: A cylindrical structure used for riverbank protection, similar in materials to burghe but differing in shape and
construction. Buzzoni are typically less than 3 meters long with a diameter of about 1 meter. They are reinforced with
metal wire bindings, and some may use galvanized iron frameworks for added durability.

11
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e Fascine? barriers behind the marshes, near tidal flats, to reduce wave action and create calm waters
that support pioneer halophyte growth and sedimentation.

o Installation of anti-erosion structures along lagoon beds adjacent to marsh edges, consisting of a
floating net that promotes the encroachment and growth of bivalves and algae. This structure, made
from biodegradable materials (jute sacks treated with linseed oil and cork elements), slows currents
to enhance sedimentation.

o Morphological reconstruction through replenishment along consolidated margins and within the
marsh edges defined by fascines.

e Substrate stabilization by planting pioneer halophytes, grown in a specially established nursery, to
consolidate the soil. The project identified the most successful species for cultivation and replanting,
including Puccinellia palustris and Spartina maritima.

Additionally, as part of the project’s awareness campaign, the City of Venice introduced regulations to
limit boat speeds, targeted at reducing wave-induced erosion of marsh edges — which is the primary source
of wetland loss within the Lagoon.

The most effective techniques from this project are now used throughout the lagoon to restore further
marsh areas, replacing rigid embankments with more natural, flexible solutions.

The LIFE VIMINE project (2013-2017) was a demonstrative initiative in the northern Venice Lagoon,
developed to establish and test an "integrated approach™ for protecting interior, remote salt marshes that are
challenging to access. This approach focused on preventing erosion through small-scale, spatially-diffuse soil-
bioengineering protection measures, which were designed to minimize environmental and visual impacts. Key
to this project were brushwood fascines, each around 2 meters long and 3540 cm in diameter, sometimes
wrapped in coconut netting and bound with biodegradable materials like sisal cords or iron wire. These fascines
were strategically positioned based on the local morphology and its observed evolution to address erosion in a
way that aligned with natural processes.

Using biodegradable, natural materials, the approach leveraged nature-based solutions: for instance, marsh
plants were encouraged to strengthen and enrich the soil with carbon, trap suspended sediments, and gradually
build up the marsh platform. This eco-friendly method highlighted how the natural functions of plants could
complement and strengthen bioengineering solutions. Additionally, assembling and maintaining these
protection structures relied on semi-manual labor, involving local workers to support sustainable local
development alongside conservation efforts.

The project’s cost-benefit assessment underscored that the expenditure on erosion prevention through soil-
bioengineering was balanced by the economic benefits of local job creation and the preservation of essential
ecosystem services provided by the salt marshes. This assessment serves as a valuable decision-support tool
for public authorities considering future investments in sustainable salt marsh maintenance (Barausse et al.,
2015).

2 Fascine barriers are wooden branches wrapped in a vegetal net and tied together with vegetal cords installed by anchoring
them to wooden poles (Barausse et al., 2015). They are used in riverbank protection, slope stabilization, and erosion
control.

12
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Figure 1. Examples of fascines produced locally (upper left) and then placed to protect salt marsh edges from erosion in
LIFE VIMINE (Barausse et al., 2015)

The Life Lagoon Refresh project, launched in September 2017, is an active ecological restoration initiative
employing an in situ eco-engineering approach to restore the ecotonal environment typical of microtidal
lagoons in the northern Venice Lagoon. This environment is characterized by a pronounced salt gradient and
extensive intertidal zones vegetated with reedbeds (primarily Phragmites australis), which have been
significantly reduced due to decades of human intervention. The recreation of the characteristic salt gradient
was achieved through the diversion of a freshwater flow from the Sile River into the lagoon and the creation
of an intertidal morphology designed to slow freshwater dispersion. The project’s actions included the
planting of Phragmites australis to accelerate reedbed development, the transplantation of small clumps of
seagrass species to promote the recolonization of low-salinity agquatic environments by aquatic plants, and
the establishment of a 70-hectare protected zone to regulate hunting and fishing pressures.

The project’s outcomes were set to be evaluated over a five-year period following its conclusion, with
monitoring activities still ongoing. One key result, the restoration of the salinity gradient, has already been
achieved as planned in the 70-hectare intervention area. Before the project, the entire area had an annual
mean salinity of >30. Post-intervention measurements revealed salinity levels of less than 5 in 5 hectares,
less than 15 in 25 hectares, and less than 25 across all 70 hectares (Feola et al., 2022). Early assessments of
fish fauna have also shown promising results. Preliminary data indicate a notable increase in P. canestrinii
populations, from 0.1 individuals/200m?2 to 20 individuals/100mz2. Additionally, juvenile commercial species,
particularly mullets (Chelon spp.), have increased near the freshwater inflow. Post-intervention monitoring
of halophytes and reedbeds will continue for several years through a combination of field surveys and drone-
based assessments. The project aims to create approximately 20 hectares of reedbeds, with monitoring
activities still ongoing to evaluate long-term outcomes.

In recent years, several seagrass transplantation initiatives have been conducted in the Venice Lagoon for
environmental restoration. Early experiments (1992-1997) led by the City of Venice involved small-scale
transplants in central and southern lagoon areas to determine suitable conditions for native species (Zostera
marina, Z. noltei, Cymodocea nodosa) (Quintana et al., 2018). These studies established effective transplanting
techniques, including rhizome and sod transplants.

Further restoration by the Venice Water Authority included mechanized transplant methods to enhance
resilience, which proved effective in increasing the survival and spread of transplanted seagrass. In 1994, the

13



Finanziato
dall'Unione europea
NextGenerationEU

Ministero . l
dell’Universita l M [taliadomani
E della Ricerca [ ] PIANG NAZIONALE

DI RIPRESA E RESILIENZA

Venice Architecture School and Consorzio Thetis conducted larger transplants in the northern lagoon, although
the project ultimately failed due to harsh conditions (Quintana et al., 2018).

Between 1996 and 1997, additional trials tested the viability of sod and rhizome transplants at multiple sites,
showing success after two growing seasons, with significant gains in C. nodosa biomass from sod methods
(Quintana et al., 2018).

In 2010, a large-scale mechanized transplantation aimed to restore Sites of Community Importance (SCI) and
Special Protection Areas (SPA) in the lagoon. This effort saw 2,250 m? of C. nodosa transplanted, leading to
substantial coverage increases and low mortality rates, with donor sites fully recovering within three years
(Quintana et al., 2018).

In 2012, the EU-funded SeResto project aimed to restore habitat 1150* in the northern lagoon by encouraging
widespread transplantation to speed up recolonization. Fishermen planted around 42,670 rhizomes across 35
sites, achieving 0.16-0.22 cm daily growth rates, with natural tidal and wind-driven dispersion aiding
recolonization. By year three, 33 of 35 sites had successful colonization (>60%) along salt marsh and canal
edges, significantly improving the ecological status from “Poor” to “Good” as measured by Macrophyte
Quality Index (MaQl) and Habitat Fish Bioindicator Index (HFBI) indices (Sfriso et al., 2021; Scapin et al.,
2016.).

@ siti di trapianto1 anno (2014)

Siti di trapianto | anno (2014)
Monitoraggio ecologico intensivo §

(® siti di trapianto I anno (2015)

Figure 2. Seagrass transplantation sites in the LIFE SeResto project (green) and monitoring sites (red) (Bonometto et
al., 2018).
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Salt marshes are typically located in the upper intertidal zone, and are ecologically and economically
significant. They contribute substantially to coastal primary production, support high biodiversity, and provide
valuable ecosystem services (Barbier et al., 2011; Costanza et al., 1997; Mitsch & Gossilink, 2000).

Until the mid-20th century, salt marshes were undervalued and often regarded as wastelands awaiting
reclamation for agriculture, urban expansion, or waste disposal. However, in recent decades, their
extraordinary biodiversity and the critical ecological functions they perform have been increasingly
recognized.

Below is a brief overview of some of the key ecosystem services provided by salt marshes, showcasing their
indispensable role in supporting both natural systems and human communities:

Coastal protection and wave attenuation: salt marshes act as natural buffers, where waves break in
shallow coastal waters and dissipate energy, reducing erosion and sediment transport. Healthy salt
marsh complexes, with wide intertidal flats, divert wave-breaking and erosion away from critical flood
defenses and vulnerable areas.

Surge attenuation: extensive salt marsh areas can mitigate the impact of storm surges by increasing
friction as surges propagate into estuaries, similar to wave attenuation but on a larger scale.

Sediment trapping: functioning salt marshes have a natural ability to trap and retain sediment,
maintaining an equilibrium elevation relative to the tidal frame. This resilience to erosion allows for
natural recovery following erosive events such as storms.

Carbon cycling and storage: salt marshes are vital blue carbon ecosystems, storing carbon outside of
the tropics. They bury carbon at a higher rate and store more carbon per unit area below ground than
their subtidal (e.g., seagrass) and terrestrial (e.g., forests) counterparts. This contributes to climate
regulation by sequestering carbon dioxide (CO,) through carbon burial and long-term storage, owing
to the highly productive ecosystem, depositional environments, and low oxygen concentrations in the
sediments.

Water purification: salt marshes in sheltered water bodies, like estuaries and coastal embayments, play
a crucial role in regulating water quality. They can reduce concentrations of fecal organisms and
absorb heavy metals from the water, thus improving water quality.

Ecological service provisioning: salt marshes are highly productive ecosystems, supporting diverse
communities of salt-tolerant species. They provide essential resources and habitat structures for bird
breeding, wintering, and migratory activities, as well as serving as important fish nursery grounds.
Abundant marine invertebrates found in these habitats serve as a food source for various species,
including birds, fish, and terrestrial animals like voles and small mammals. Additionally, intertidal
marshes are vital nursery and feeding areas for young fish and commercially important shellfish.
Cultural and touristic value: coastal salt marshes contribute to the natural landscape and cultural
heritage. Some are even designated as UNESCO World Heritage sites, like *Venice and its lagoon,"
making them attractive tourist destinations (Hudson et al., 2021).

Hence, coastal salt marshes are of paramount ecological, geomorphological, and socio-economic importance.
However, the sustainability of salt-marsh ecosystems is severely threatened by climate changes and increasing
anthropogenic pressures. (A. D’Alpaos, 2011; A. D’Alpaos & Marani, 2016; Fitzgerald & Hughes, 2019;
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Mudd, 2011; Ratliff et al., 2015; Silvestri, 2018). As a result, extensive salt-marsh areas are being lost
worldwide every year at alarmingly increasing rates (Carniello et al., 2009; Day et al., 2000; DeLaune &
Pezeshki, 2003; Gedan et al., 2009; Tommasini et al., 2019).

To counteract marsh loss and restore the related ecosystem services, several conservation and restoration
projects have been and are still being implemented worldwide. While these efforts are undoubtedly
commendable and intrinsically valuable for restoring vital landscape features and supporting biotic
interactions, there is a notable lack of studies demonstrating the co-benefits of marsh restoration in terms of
morphodynamics—namely, the positive effects on hydrodynamics and sediment transport processes, such as
reducing peak tidal levels and enhancing sediment retention.

To address this knowledge gap, here we aim to explore how marsh restoration can influence the
morphodynamics of low-lying, shallow coastal areas, with a specific focus on the impact of extensive
restoration projects on hydrodynamic and sediment transport processes. The overarching goal of this chapter
is to determine whether marsh restoration alone is sufficient to restore coastal systems that have suffered
significant degradation due to the complex interplay of natural processes and human activities, ultimately
returning them to a more natural, pristine state. Hence, we will explore the co-benefit of marsh restoration for
coastal morphodynamics, taken here as the effects of marsh restoration on hydrodynamics and sediment
transport processes.

The analyses focus on the microtidal lagoon of Venice, where interactions between natural processes and
human activities have driven significant morphological changes over the past 150 years (Luigi D’ Alpaos, 2010;
Finotello et al., 2023). Established numerical methods are employed to model the morphodynamics of shallow
coastal landscapes influenced by tides and waves (Defina, 2000; Carniello et al., 2005, 2011, 2012; D’ Alpaos
et al., 2007). The study begins by examining changes in lagoon morphodynamics from 1901 to the present,
followed by an assessment of the potential impacts of extensive marsh restoration projects designed to restore
marsh areas to their historical extents, as identified in historical maps.

The significance of this research extends beyond the Venice lagoon. The methodologies applied and the
resulting insights are transferable to other shallow coastal systems with morphodynamic characteristics similar
to those of the Venice lagoon. Such environments are widespread globally, including along the East and Gulf
coasts of the United States, Northern Europe, Australia's eastern coastline, and the Atlantic coasts of South
America. Hence, this study provides a basis for further systematic exploration of the co-benefits of marsh
restoration projects on morphodynamics in shallow tidal embayments.

Situated in the northern Adriatic Sea, the Venice Lagoon covers an area of 550 km?, making it the largest
brackish waterbody in the Mediterranean Basin. This lagoon took shape over a span of 7500 years, formed by
the gradual deposition of Late Pleistocene alluvial sediments, locally referred to as Caranto (Zecchin et al.,
2008). The contemporary configuration of the lagoon features three main inlets, proceeding from North to
South: Lido, Malamocco, and Chioggia (Figure 3a,b,c,d).

Tidal patterns within the lagoon adhere to a semidiurnal microtidal regime, with an average spring tidal range
of 1 meter and maximum tidal fluctuations of approximately 0.75 meters relative to Mean Sea Level (MSL)
(A. D’Alpaos et al., 2013; Valle-Levinson et al., 2021). Meteorological phenomena often coincide with
astronomical tides, resulting in notably high or low tides when atmospheric pressure is low or high,
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respectively. Furthermore, wind-related processes play a pivotal role in influencing the hydrodynamics and
morphodynamics of the lagoon. Seasonal wind-storm events have a pronounced impact on morphodynamic
changes over timescales ranging from decades to centuries (Carniello et al., 2009, 2012). Detailed assessments
of the wind climate reveal minimal year-to-year fluctuations in wind energy. The wind-storm events that have
the most significant morphological and hydrodynamic effects are those associated with Bora and Sirocco winds
(Figure 3e). The north-easterly Bora winds, which blow nearly parallel to the lagoon's major axis, create
substantial water-level changes in the southern region of the lagoon and generate large waves with significant
wave heights exceeding 1 meter. These waves have a considerable impact on resuspending sediments from the
tidal mudflats. Conversely, the south-easterly Sirocco winds induce substantial water-level changes in the
northern Adriatic Sea and are often responsible for extensive flooding in Venice and other communities within
the lagoon.

Natural salt marshes

[T] Restored salt marshes

Malamocco
inlet

Chioggia
inlet

Y

inlet

Y. "?\?/Ch:(;gm
\ N

Figure 3: Geomorphological Setting. (a) The Venice Lagoon captured in satellite imagery (Copernicus Sentinel, 2020).
Natural salt marshes are outlined in yellow, while restored salt marshes are depicted in purple. (b, c, d) Detailed
views of the three primary lagoon inlets. (e) A rose-diagram illustrating the wind climate data recorded at the
"Chioggia Diga Sud" anemometric station from 2000 to 2019. Notably, it highlights the two predominant winds:
the north-easterly Bora wind and the south-easterly Sirocco wind. (Image © Finotello et al., 2023).

Simultaneously, the extraction of groundwater and natural gas for industrial purposes hastened the natural
subsidence of the soil (Carbognin et al., 2004; Gatto & Carbognin, 1981; Zanchettin et al., 2021).

To facilitate the passage of increasingly larger vessels within the lagoon, two major waterways, the Vittorio
Emanuele and the Malamocco-Marghera channels (Figure 4), were excavated in 1925 and 1968, respectively.
Significant transformations in the lagoon's hydrodynamics arose from the construction of jetties at the lagoon
inlets, designed to ensure adequate water depths for commercial ship traffic. The construction of these jetties,
spanning different time periods at various inlets, resulted in several changes.

The construction of these jetties significantly narrowed the inlets, as anticipated during the design phase,
deepening the water in the process. However, these structures brought about critical alterations in the
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hydrodynamic and morphodynamic regimes of the lagoon. The construction of the jetties caused more
sustained changes in the lagoon's tidal regime than the typical periodic variations, which are a consequence of
the nodal modulation of tides in the Adriatic Sea, typically accounting for about 4% of the characteristic tidal
range (Amos et al., 2010; Valle-Levinson et al., 2021). Between 1909 and 1973, the average tidal range within
the lagoon surged by up to 25% (Luigi D’Alpaos, 2010; Ferrarin et al., 2015; Tomasin, 1974), with local
changes potentially being even more significant (Finotello et al., 2019, 2022; Silvestri, 2018).

LAGUNA DI VENEZIA

LAGUNA DI VENEZIA
e e e L

Figure 4: Morphological evolution of the Venice lagoon based on available historical bathymetric maps; (from top)
1901, 1932, 2003. (L. D’ Alpaos, 2010)
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The alterations in the lagoon's hydrodynamics due to the construction of jetties, in combination with the rise
in eustatic sea level (with an average rate of 1.23+0.13 mm/year between 1872 and 2019; and 2.76+1.75
mm/year between 1993 and 2019; Zanchettin et al., 2021), had a significant impact on the lagoon's
morphological evolution. This led to the initiation of positive morphodynamic feedbacks, causing larger
sections of the lagoon to become ebb-dominated, particularly in the vicinity of the inlets where the jetties
introduced strong flow imbalances. These imbalances in tidal flows facilitated the outward transport of fine
sediments and impeded the import of sediment carried in suspension by longshore currents (Luigi D’ Alpaos,
2010).

This situation was aggravated by the anthropogenic-induced reduction of fluvial sediments, leading to a
negative sediment budget and the widespread loss of salt marshes (Carniello et al., 2009; Luigi D’ Alpaos,
2010; Tommasini et al., 2019) The diminishing marsh coverage resulted in extended wind fetches, promoting
the generation of higher, more energetic waves that exacerbated lateral marsh retreat and caused the erosion
of tidal mudflats (Carniello et al., 2009; Finotello et al., 2020; Leonardi et al., 2016; Marani et al., 2011;
Mariotti & Fagherazzi, 2013; Tommasini et al., 2019). The deepening of the mudflats (Figure 4), amplified by
rising eustatic sea levels and both natural and anthropogenic-induced subsidence, led to the generation of even
more substantial wind waves, intensifying the erosion of salt marshes and mudflats through a positive feedback
loop.

Further human-made modifications were introduced to the inlet morphologies between 2006 and 2014 to
accommodate the mobile floodgates of the Mo.S.E. (short for "Modulo Sperimentale Elettromeccanico," or
Electromechanical Experimental Module) system. This system was designed to protect the city of Venice and
other lagoon settlements from extensive flooding (Mel et al., 2021). These interventions marginally increased
hydraulic resistances at the inlets, resulting in a reduction of tidal amplitudes and an increase in tidal-phase
delays within the lagoon (Ghezzo et al., 2010; Matticchio et al., 2017).

Salt marsh erosion persists today, albeit at a significantly reduced areal extent compared to the previous
century. This is attributable to a series of critical interventions aimed at safeguarding and restoring salt
marshes, initiated by the Venice Water Authority since the early 1990s, with additional contributions from
some EU-funded LIFE projects (Barausse et al., 2015; Tagliapietra et al., 2018; Tommasini et al., 2019), as
described in Chapter 2.

Currently, approximately 12% of existing salt marshes have been either entirely artificially created or partially
restored (Figure 3), with a substantial portion of the remaining natural marshes being protected against lateral
erosion through the use of manmade wooden piles or bundles of sticks. It is evident that without these
restoration and conservation efforts, the total area of salt marshes would be significantly smaller than it is
today.

Lastly, it's worth noting that the operation of the Mo.S.E. floodgates will further diminish the resilience of salt
marshes against rising relative sea levels, primarily by reducing inorganic deposition during storm-surge
events, which, although sporadic, play a crucial role in marsh vertical accretion (Tognin, 2022; Tognin et al.,
2021).
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Figure 5: Google Earth photo showing artificial salt marshes in the southern Venice lagoon near Chioggia.

Figure 6: Marsh restoration using nature-based solution (https://www.lifevimine.eu).

To investigate the impacts of marsh restoration on morphodynamics, a two-dimensional, depth-averaged,
finite-element numerical model was employed. The model consists of three interconnected modules: the
hydrodynamic module coupled with the wind-wave module (WWTM) (Carniello et al., 2011) and the sediment
transport and bed evolution module (STABEM) (Carniello et al., 2012). This model is well-suited for
simulating sediment dynamics that govern the morphodynamic evolution of shallow micro-tidal basins.

The hydrodynamic module solves the two-dimensional depth-integrated shallow water equations (SWES),
which are phase-averaged over a representative elementary area characterized by irregular topography to
account for very shallow flows, wetting, and drying (Defina, 2000). In a Cartesian frame (X, y), these SWESs
can be expressed as follows:

on _
19(77)5+V-q—0 €9)
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In the equations, several symbols and terms are defined as follows:

-t represents time.

- nisthe free surface elevation measured relative to a datum.

- q = (qx,qy) represents the depth-integrated velocity, indicating discharge per unit width.

-V and I - denote the 2D gradient and divergence operators, respectively.

- The symbol 9 represents the wet fraction of the computational domain, which depends on water
depth and local topographic irregularities (Defina, 2000).

In the momentum equation (Eq. 2), D / Dt represents the material (or Lagrangian) time derivative, while Y
represents the water volume per unit area, equivalent to the water depth. 7, and 7, are the shear stresses at the
bottom (due to tidal currents) and at the free surface (due to wind drag), respectively. Additionally, p denotes
water density, and g represents gravity.

The Reynolds stresses are computed using a depth-averaged version of Smagorinsky's model (Smagorisndky,
1963) and can be expressed in tensor index notation as follows:

Re = R;; = voY(uy; + ;) ®3)

Ve = ZCSZAe\/Z(ux,x)Z + (ux,y + uy,x)z + Z(uy,Y)z )

In equation (3), the indices i and j represent either the x or y coordinates, while u = q/Y. The eddy viscosity,
denoted as v,, is proportional to the strain rate and involves parameters such as A, which represents the area
of the computational element, and C;, which is the Smagorinsky coefficient with a value of 0.2.

The numerical scheme employs a mixed Eulerian-Lagrangian approach, where the material derivative in
equation (2) is computed as a finite difference in time and solved using the method of characteristics. This
approach enables solving the continuity equation (1) with a semi-implicit scheme, resulting in a self-adjoint
spatial operator. The solution is achieved on a staggered triangular grid using the finite element method of
Galerkin, as described by Defina (2000), and flow rates are obtained through back-substitution.

The wind-wave module, as presented by Carniello et al. (2011), resolves the wave action conservation equation
on the same computational grid as the hydrodynamic module. The wind-wave module utilizes water depths
and depth-averaged flow velocities from the hydrodynamic module to propagate the wind-wave field. The
evolution of the wave action density (N,) in the frequency domain is governed by the equation presented in
Carniello et al. (2011).

ONy, 0 Ja ,
? + anXNO + @ngNO = 50 (5)
The wind-wave module, as explained by Carniello et al. (2011), calculates the group celerity components, cg,
and cg,, to approximate the propagation speed of N,. The source terms related to wind-wave effects,
collectively represented as S,, encompass both positive (wind energy input) and negative (bottom friction,
whitecapping, and depth-induced breaking) contributions to wave energy. Wave period distribution is
determined based on the relationship between peak-wave period, local wind speed, and water depth, following
Young and Verhagen (1996) (Young & Verhagen, 1996). Given the nearly vertical and jagged margins of the
lagoon, refraction effects are disregarded, and waves are assumed to propagate in the direction of the wind.
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The horizontal orbital velocity at the bottom, derived from significant wave height using linear wave theory,
contributes to the bottom shear stress, t,,,, induced by the wind-wave field. Nonlinear interactions between t,,
and current-induced bottom shear stress (z;) are considered through the empirical formulation developed by
Soulsby (1995), which increases the total bottom shear stress, t;,, beyond the simple sum of z; and t,,,.

Incorporating the same computational grid, the STABEM module, detailed by Carniello et al. (2012), addresses
the advection-diffusion equation for suspended sediment with a conservative, second-order spatial scheme.
Additionally, it tackles Exner's equation, which describes sediment bed evolution and interactions with the
suspended sediment.

Y

at

+V(qu)_V(DhVCL) =Ei_Di i=sm (6)
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In the equations, C represents the depth-averaged sediment concentration, and Dy, (x, y, t) is a two-dimensional
diffusivity tensor that varies in space and time. This diffusivity tensor is assumed to be equal to the eddy
viscosity computed by the hydrodynamic module, as explained by Viero and Defina (2016) (Viero & Defina,
2016). The terms E and D are associated with the entrainment and deposition of bed sediment, while z;,, denotes
the bed elevation, and n is the bed porosity, which is assumed to have a constant value of 0.4.

The subscript "i" is used to distinguish between non-cohesive (sand, denoted as "s") and cohesive (mud,
denoted as "m") sediment classes that are typically found in the bed of tidal lagoons. The relative content of
mud (p,,), representing the sum of clay and silt, is assumed to vary both in time and space. This variation
determines whether the sediment behaves in a cohesive or non-cohesive manner and sets the critical value of
the bottom shear stress.

A threshold value of mud content (p,,. = 10%) is used to distinguish between non-cohesive and cohesive
behavior, following Van Ledden et al. (2004). The median diameters D5, adopted in the simulations to describe
cohesive and non-cohesive sediments are 20 pm and 200 um, respectively, based on measurements conducted
in the Venice Lagoon, as described by Carniello et al. (2012).

The deposition rate of sand D is computed as
Dy = wgroCy (8)

Where w represents the absolute value of the sand settling velocity, and r, is the ratio of near-bed to depth-
averaged concentration. In this context, r,, is considered constant and is assumed to be equal to 1.4, as reported
in Parker et al. (1987).

The deposition rate of pure cohesive mud, D,,,, is determined by Krone's formula, which can be expressed as:

Dy = Wy, Cpy max {0; 1 — 75 /74} 9

where:

- wy, represents the absolute value of the mud settling velocity.
- Ty, isthe bottom shear stress, computed by the hydrodynamic module.
- 14 is the critical shear stress for deposition, and it is set to a value of 1.0 Pa.

The settling velocities, wy and w,,, are calculated using the Van Rijn formulation (van Rijn, 1984) for solitary
particles in clear and still water. This formulation does not incorporate flocculation effects, which are
considered negligible for particle diameters larger than 20 um (Mehta et al., 1989).
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The erosion rate is highly dependent on the degree of cohesion of the sediment mixture. For non-cohesive
mixtures (where the mud content p,,, is less than the critical value p,,.), the erosion rate of sand, E is described
by the Van Rijn formulation (van Rijn, 1984). Meanwhile, the erosion rate of mud, E,,;, can be computed using
the formulation proposed by Van Ledden (Van Ledden et al., 2004).

Dso/Y
Es = (1 —pmws - 15 <W> Tt
- : for pm < Pmc (10)
Em - mMnCT

For cohesive mixtures (p,, > Pmc), both sand and mud erosion rates can be computed using the Partheniades’s
formula

Es= (1—pp) M. T
Ep=pn, M, T for pm > Pme 11

In equations (10) and (11), the various parameters are defined as follows:

- D, is the dimensionless grain size and is calculated as Ds, [(s — 1)g / v? ]Y/3 , where Dx,, is the
median sediment diameter, s is the sediment's specific density, v is the water's kinematic viscosity, g
represents the gravitational acceleration.

- T is the transport parameter.

- M, and M, are specific entrainment values for non-cohesive and cohesive mixtures, respectively.

These entrainment values are based on formulations provided by Van Ledden et al. (2004) and van Rijn
(1984):

1-pm
vV (S B 1)gD50’ M, = (Mnc 1 )1—Pmc M,

M, =«a .
e D9 My 1 —pme

(12)

where M,,, is the specific entrainment for pure mud (M,, = 5-10"2g m/s ) and « is set equal to 1 - 1075,

The transport parameter is usually defined as T = max{0; 7, /T, — 1}, where t;, represents the local bottom
shear stress, and t.. is the critical shear stress for erosion. This definition results in a sharp transition between
T=0and T = t1,/7, — 1. However, in real tidal systems, both 7, and 7. vary in space. Therefore, it is
assumed that they are both random variables and follow a log-normal distribution, as described in Carniello et
al. (2012). This stochastic approach leads to a smoother transition between T =0and T = 1, /1, — 1.

All the model parameters fall within the range of variability of similar deposition and erosion formulations
(Breda et al., 2021; Temmerman et al., 2005). Notably, erosion is set to zero on salt marshes because the
presence of vegetation reduces velocity and wave energy, protecting the sediment from erosion (Mdller et al.,
1999; Temmerman et al., 2005).

The combined effect of erosion and deposition fluxes of sand and mud results in a variation in bed level over
time, which is calculated based on equation (8).

The model has been extensively tested and validated against hydrodynamic, wind-wave, turbidity, and satellite
data from various locations, including the Venice Lagoon (ltaly), Virginia Coast Reserve lagoons (USA), and
Cadiz Bay (Spain), as documented in previous studies (Carniello et al., 2011, 2014; Mariotti & Fagherazzi,
2010; Zarzuelo et al., 2018).
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Numerical simulations were conducted using five distinct morphological configurations of the Venice Lagoon.
Three configurations represent historical lagoon morphologies reconstructed from available topographic and
bathymetric data (Figure 4), corresponding to the years 1901, 1932, and 2014 (i.e., present day). Each
computational grid accurately reflects the lagoon's characteristics based on the respective topobathymetric
surveys. The 1901 grid was derived from the "Topographic/Hydrographic Map of the Venice Lagoon"
produced by the Genio Civile of Venezia, which includes the jetties at the Lido inlet constructed by that time.
The 1932 and 2014 grids were developed using topographic surveys conducted in 1932 and 2003 by the Venice
Water Authority (Magistrato alle Acque di Venezia). The 2014 configuration incorporates anthropogenic
modifications at the three inlets due to the Mo.S.E. system, completed in that year.

Detailed calibration of the hydrodynamic and wind-wave models, as well as their applications to the Venice
Lagoon, are documented in Carniello et al. (2005, 2011) and Tognin et al. (2022). Model calibration and testing
were primarily focused on recent lagoon configurations for which field data are available. For older
configurations (1901, 1932), local bed-friction coefficients were estimated based on calibrated grid values
while accounting for factors such as sediment grain size, bed elevation, and potential vegetation presence,
particularly in salt marshes.

The two additional configurations represent hypothetical scenarios characterized by extensive marsh
restoration, resulting in significant expansion of marsh areas compared to the present-day morphology. The
2014 computational grid was used as a baseline, with marshes reconstructed based on their spatial distributions
observed in 1901 and 1932. Marsh areas were added incrementally, and elements along marsh margins were
adjusted to align with their historical positions. Elevation and bed roughness properties were modified to match
adjacent tidal flats. These restoration scenarios, referred to as "Restored 1932" and "Restored 1901," allow for
analysis of the potential effects of restoring salt marshes to historical conditions. They provide a basis for
assessing whether scaling up marsh restoration efforts could have significant impacts on morphodynamic
processes, such as hydrodynamics and sediment transport, within the lagoon.

It is worthwhile noting that despite the theoretical influence of marsh creation on the tidal prism (the water
volume exchanged between the lagoon and the sea), which could alter inlet cross-sectional areas following the
O'Brien-Jarrett-Marchi law (A. D’ Alpaos et al., 2009; Jarrett, 1976), inlet geometries remained unchanged in
the hypothetical scenarios. This decision reflects the constraints imposed by the fixed horizontal and vertical
geometry of the inlets due to jetties and concrete structures associated with the Mo.S.E. floodgates.
Additionally, scour processes over the past century have deepened the inlets to the overconsolidated Caranto
layer, preventing further significant deepening, even in the absence of the Mo.S.E. barriers.

Concerning boundary conditions for the numerical simulations, water levels were prescribed at the seaward
boundary of the computational domain, representing the portion of the northern Adriatic Sea in front of the
Venice Lagoon (Figure 7). Water-level data were obtained from measurements taken at the CNR
Oceanographic Platform, situated in the Adriatic Sea approximately 15 km from the coastline. As water levels
and bed elevations in each computational grid reference mean sea level at the time of each survey, they
implicitly account for historical rises in relative sea level. Wind speeds and directions are measured at the
"Chioggia Diga Sud" anemometric station and are applied to the entire lagoonal basin (Carniello et al., 2005).
Consistent boundary conditions were used for all simulations, enabling direct comparisons between different
lagoon configurations. The model was driven by hourly water levels and wind velocities and directions
recorded from November 16th, 2005, to December 17th, 2005 (Figure 7). This 30-day period serves as a
representative snapshot of the typical hydro-meteorological conditions experienced annually in the Venice
Lagoon between October 1st and January 30th, a period known for significant storm-surge events. The
cumulative frequency of water levels during this study period closely matches the average distribution
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observed between 2000 and 2020 (Figure 7c). Furthermore, the selected study period encompasses two
relatively strong Bora wind events, which are characteristic of the wind climate in Venice (Figure 7a).
Therefore, this study period allows for a focus on both typical tides and representative storm events.
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Figure 7: The data used in the numerical simulations pertain to a specific time period from November 17, 2005, to
December 17, 2005. Water levels were monitored and recorded at the "CNR Oceanographic Platform," and wind
data were collected from the "Chioggia Diga Sud™" anemometric station, as depicted in panel (b). The
computational grid employed in the numerical model is illustrated in panel (b) and corresponds to the 2014
morphological configuration of the Venice Lagoon. Panels (c) and (d) compare the distributions of water levels
(c) and wind climate (d) during the analyzed period to those observed over the period from 2000 to 2019,
represented in grey. These comparisons provide valuable context for understanding the conditions simulated in
the study. (Image from Finotello et al., 2023)

Notably, a morphological acceleration factor of 12 was employed to accelerate morphological evolution. The
use of a morphological acceleration factor is a common practice aimed at reducing the computational time
required for extended morphodynamic simulations. This factor is a scalar quantity applied to the Exner's
sediment continuity equation, operating under the assumption that morphodynamic changes occur at longer
time scales compared to the hydrodynamic processes (e.g., Lesser et al., 2004). The implementation of this
morphological acceleration factor allows our month-long simulations to be effectively interpreted as year-long
simulations (i.e., one month multiplied by 12) when considering morphological evolution processes, such as
salt marsh sedimentation and vertical accretion. It is, however, essential to recognize that, while this
approximation is reasonably accurate, the period under analysis is particularly favorable for salt marsh growth.
This is due to the significant resuspension of mineral sediment by waves, which is subsequently deposited over
salt marshes (Tognin et al., 2021). Consequently, the application of a morphological factor in the way we
illustrate may somehow lead to a slight overestimation of annual marsh deposition rates.
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When comparing maximum water levels modeled for the present-day configuration of Venice Lagoon (i.e.,
2014) to past configurations (i.e., 1901 and 1932), a significant variation approximately equal to £30cm on
average, became evident, signifying notable hydrodynamic changes (Figure 8a,b). In contrast, the difference
between the 2014 conditions and the restored configurations exhibited a smaller range of approximately
+2.3cm. This underscores once more that the impact of salt marsh restoration is minimal, with only marginal
effects observed in specific locations. These locations are quite distant from Venice's city center and other
important inhabited islands of the Lagoon (e.g., Murano, Burano, Torcello, Chioggia, Sant’Erasmo), so there
are no discernible benefits in terms of reduction of maximum water levels (Figure 8c,d).
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Figure 8: Differences in numerically modeled maximum water levels across the VVenice lagoon. Results are presented as
maps of differential values between the 2014 (i.e., present-day) configuration of the Venice lagoon and other
morphological configurations. A) Differences between 2014 and 1901; B) Differences between 2014 and 1932;
C) Differences between 2014 and the “Restored 1901 scenario; D) Differences between the 2014 and “Restored
1932 scenario. Note different colormap scales for panels A-B and C-D.

In terms of significant wave heights, the comparison between 2014 and both the 1901 and 1932 configurations
exhibit higher spatial variability, with waves being generally higher across extensive tidal flats areas for the
26
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2014 morphological configuration (Figure 9a,b). In contrast, the disparities between 2014 and the restored
configuration reveal a distinct trend. A clear pattern emerges over the marsh-restored area, indicating a
substantial decrease in significant wave height (i.e., positive value in terms of wave height differential; Figure
9c¢,d). Marsh restoration thus appears to yield a benefit in this specific area. However, in the majority of the
lagoon, denoted by white colors, there are no discernible changes (Figure 9c,d). Similarly, Venice City remains
unaffected. This implies that salt marsh restoration alone cannot directly benefit Venice City in terms of
reduction of wave height, and related mitigation of sidewalk overtopping and city flooding (Ruol et al., 2020).

SIGNIFICANT WAVE HEIGHT

-50 0 +50 cm -50 0 +50 cm
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Figure 9: Differences in numerically modeled significant wave heights across the VVenice lagoon. Results are presented
as maps of differential values between the 2014 (i.e., present-day) configuration of the Venice lagoon and other
morphological configurations. A) Differences between 2014 and 1901; B) Differences between 2014 and 1932;
C) Differences between 2014 and the “Restored 1901 scenario; D) Differences between the 2014 and “Restored

1932” scenario. Note different colormap scales for panels A-B and C-D.

In concluding the hydrodynamic analysis, a comprehensive spatial-temporal evaluation was performed to
assess the combined effects of wind waves and tidal currents, expressed as maximum shear stresses exerted on
the lagoon bed. A comparison between present-day and historical configurations (1901 and 1932) indicates
higher shear stresses in the current configuration, particularly across extensive tidal flat areas where waves
more effectively winnow the bed, especially during intense storm events (Figure 10a,b,). Conversely,
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reductions in bed shear stress are observed along major tidal channels, likely attributable to the deepening
these channels have undergone. Differential maps comparing present-day and restored morphological
configurations indicate minimal impacts of marsh restoration, limited to areas where marshes have been
reintroduced. This underscores the negligible effect of salt marsh restoration on overall morphodynamic
processes (Figure 10c,d).
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Figure 10: Differences in numerically modeled maximum bed shear stresses across the Venice lagoon. Results are
presented as maps of differential values between the 2014 (i.e., present-day) configuration of the Venice lagoon
and other morphological configurations. A) Differences between 2014 and 1901; B) Differences between 2014

and 1932; C) Differences between 2014 and the “Restored 1901 scenario; D) Differences between the 2014 and
“Restored 1932” scenario. Note different colormap scales for panels A-B and C-D.

Differences in hydrodynamic forcings drive variations in sediment entrainment, transport, and redistribution
across the lagoon, ultimately influencing the morphological evolution of the lagoon bed. The results of the
numerical simulations provide valuable insights into the overall sediment budget of the Venice Lagoon, with
specific emphasis on salt marsh dynamics.

Figure 11 illustrates the changes in sediment volume distribution across different configurations. A decline in
the total sediment volume deposited on salt marshes is observed from 1901 to 1932. Notably, the "Restored"
configurations show sediment volumes comparable to those of 2014, indicating a limited impact of restoration
on marsh sedimentation dynamics despite an increase in the overall marsh area. Other morphological units
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also exhibit significant changes, with tidal flats experiencing decreased sediment deposition, while channels
show an increase in deposited sediment volume.

The ratio between the areal extent of salt marshes and the sediment volume deposited on them provides insights
into mean vertical accretion rates—a critical factor determining whether salt marshes can keep pace with rising
relative sea levels. Figure 12 explores vertical accretion rates across the examined morphological
configurations. In the "Restored" configurations, a reduction in mean salt marsh accretion rates is noted
compared to the current state (i.e., 2014). This occurs because the total volume of sediment deposited on
marshes remains nearly unchanged (Figure 11), while the overall marsh area increases due to restoration efforts
implemented in the "Restored" scenarios.
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Figure 11: Modeled changes in sediment volumes across different morphological units are presented. For salt marshes,
tidal flats, and tidal channels, positive values indicate sediment deposition, while negative values represent
erosion. For inlets, sediment volumes are calculated as the integral of sediment flux across all lagoonal inlets,
where positive values denote sediment import into the lagoon and negative values represent sediment export to
the open sea.
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Figure 12: Modelled salt-marsh vertical accretion rates (taken here as the vertical accretion due to mineral sediment
deposition alone) for different morphological configurations of the Venice Lagoon.
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Our analyses show that in shallow-water, sediment-starved, and highly anthropogenically modified
environments such as the Venice Lagoon, restoring salt marshes in locations where they historically existed
before being eroded has negligible effects on the overall estuarine morphodynamics. This is likely because the
loss of salt marshes over time typically does not occur in isolation but is accompanied by other morphological
changes within the estuarine system. Specifically, in the Venice Lagoon, marsh deterioration has historically
coincided with a general deepening of the lagoon bed, resulting in a present-day morphology that is
significantly deeper than it was a century ago (see Figure 4). Consequently, the restoration of marshes alone is
insufficient to return the system to its historical hydrodynamic state prior to marsh loss. As a result, the impact
of marsh restoration on sediment transport processes and the associated morphological evolution of the basin
is similarly minimal.

Moreover, and more interestingly, artificially increasing the total marsh area via restoration without altering
the total sediment supply to the estuarine system is likely to reduce salt marsh vertical accretion rates. This
occurs because the same volume of mineral sediments must be distributed over a larger marsh area. From this
perspective, marsh restoration might not only fail to provide significant benefits for estuarine morphodynamics
but could also compromise the ability of salt marshes to keep pace with rising relative sea levels through
mineral sediment deposition and associated vertical soil accretion.

These findings are not necessarily generalizable to estuarine systems that are morphodynamically different
from the Venice Lagoon, particularly those characterized by a net positive sediment budget sustained by fluvial
or marine sediment supply, or both. Nevertheless, the methodology employed in this study is easily transferable
to other contexts, provided that historical topo-bathymetric data are available to enable accurate morphological
reconstruction and, consequently, precise numerical modeling of the estuarine system under investigation.
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Vegetated coastal ecosystems, including salt marshes, have been termed “Blue Carbon ecosystems” for their
increasingly recognized carbon (C) sequestration and storage potential (Chmura etal., 2003; Duarte
et al., 2005; Macreadie et al., 2019; McLeod et al., 2011; Nellemann et al., 2009). Estimates show that the C
burial rate per unit area in these ecosystems may be exceptionally high, exceeding that of terrestrial forests by
1-2 orders of magnitude (Chmura etal., 2003; Duarte etal., 2005; Macreadie etal., 2019; McLeod
etal., 2011). In light of this, tidal wetlands may provide a considerable contribution to global long-term C
sequestration, despite their limited areal extension (Chmura et al., 2003; Duarte et al., 2005; Macreadie
etal., 2019; McLeod et al., 2011). Additionally, tidal wetlands support many other ecosystem services, whose
high value is often difficult to estimate (Barbier et al., 2011). These services include enhancing biodiversity,
protecting coastlines from erosion and storm surges, supporting commercial fisheries, filtering nutrients and
pollutants, and contributing to tourism and recreational activities (Barbier et al., 2011). Despite this potential,
salt marshes are rapidly declining worldwide, prompting significant conservation and restoration efforts to
preserve their essential ecological functions and societal benefits. Salt marsh conservation and restoration has
emerged as a prominent nature-based solution, offering notable advantages for climate change mitigation and
increased coastal resilience. By restoring salt marshes, it is possible to significantly enhance carbon storage
capacity. However, uncertainties remain in accurately estimating the carbon sequestration and storage potential
of salt marshes, highlighting the need for continued research to optimize their role in global climate mitigation
strategies.

To address this, we analysed soil organic content in 10 salt marshes of the Venice Lagoon (ltaly) (Puppin et
al., 2024). Ten salt marshes were selected in the whole Venice Lagoon, in order to provide a spatially-explicit
assessment of C accumulation rates. Six uncompacted cores were collected in each of the 10 selected salt
marshes, for a total of 60 cores. The core depth of 1 m was selected as international methodologies for SOC
assessment are generally based on analyses over depths of 1 m (Howard et al., 2014). For each core, soil
samples were taken at 12 depths (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 75 cm from the surface, see Howard
et al., 2014) and subsamples were prepared for different analyses, including soil density, organic matter and
carbon content.

Samples were dried at 60°C until a constant weight was achieved. The difference in weight between wet and
dry samples was used to estimate the water content. Percent organic matter of each sample was determined
through Loss On Ignition (LOI, at 375°C for 16 hr, Roner et al., 2016). Water content and organic matter
content were used to estimate the dry bulk density (DBD) (Kolker et al., 2009). In order to obtain carbon
content, we calculated a conversion equation from organic matter (from LOI) into organic carbon using
Elemental Analysis on a subset of samples (n=102), following Craft et al. (1991). The Organic Carbon content
and soil density measurements enabled the computation of Soil Carbon Density (SCD), as:

SCD = 0C; x DBD;
where OC; is the organic carbon content and DBD; is dry bulk density of the ith soil interval.

Carbon accumulation rates were estimated by multiplying the average SCD in a reference surface layer of 5 cm
(average value for each location) by salt marsh accretion rates derived from measurements based on marker
horizons (over a 2-20 years period) (Puppin et al., 2024). The short-term estimate was chosen due to the
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availability of marker horizon data and because it was deemed more reasonable for future projections and
comparisons, as it excludes the influence of past extensive modifications of the lagoon. However, using the
OC content of a superficial reference layer may lead to an overestimation of the carbon accumulation by
neglecting the effect of decomposition on longer timescales. Therefore, in order to provide a comparison,
beside the short-term estimate, a long-term estimate is provided on the basis of the average SCD in the top-1-
m reference interval and accretion rates determined from 2°Pb profiles by Bellucci et al. (2007) (to the depth
of 50-60 cm, back to about 100 years ago) (Puppin et al., 2024).

Estimates of carbon accumulation rates (short-term) were used to assess CO, sequestration by salt marsh soils
in the Venice Lagoon, converting the mass of carbon into CO- equivalent by multiplying by 44/12, that is, by
the ratio between the weight of carbon dioxide (44 atomic mass units) and the atomic weight of carbon (12
atomic mass units). Despite the present study not delving into the origin of the OM found in the salt marsh
soils, we consider it plausible that the majority of it originates internally within the lagoon system, as the
Venice Lagoon is currently characterized by minimal inputs of sediment from both riverine and marine sources
(Carniello et al., 2012; Tognin et al., 2021).

The average carbon accumulation rate estimate from our study (85 + 25 ton C km™2 yr?) is lower than current
global means (McLeod et al., 2011; Nellemann et al., 2009), although it falls within the broad range defined
by previous estimates, which span from 27 to 273 ton C km2 yr* (Sifleet et al., 2011).

To better contextualize our results, we examined the difference between estimates of carbon accumulation rate
estimates using various time scales and reference intervals in the VVenice Lagoon. As expected, we found higher
SCD values in the topsoil (5 cm). However, marsh accretion rate estimates show higher short-term estimates
in the northern lagoon, where recent accretion rates are higher, and slightly higher long-term estimates in the
southern lagoon, where accretion rates have decreased over time (Puppin et al., 2024).

By multiplying the mean C accumulation rate (based on top-5-cm reference interval, 85 + 25 ton C km2 yr?)
by the total salt marsh area (43 km?)( Carniello et al., 2009), and converting the mass of carbon into CO,
equivalents, we estimated that the salt marsh soils of the Venice Lagoon may sequester about 13,436 tons of
CO;, per year. his amount represents about 20% of the annual emissions from waterborne navigation in the city
of Venice (66,000 ton CO.e yrt) or about 17% of the annual local emissions from the aviation system at the
Venice Marco Polo Airport (77,000 ton COze yr ) (CIRIS-City Inventory Reporting and Information System—
2018) (Figure 13). These findings underscore the critical role of salt marsh ecosystems in mitigating GHG
effects.

Carbon sequestration has a monetary value, which can be assessed through the market price of carbon set in
carbon offset markets. In the European Emission Trading System (EU ETS), the first-established and largest
carbon market globally, the average spot price of emission allowances (EUA) was about 80 euros per ton of
CO2¢ in 2022, whereas it was about 84 euros per ton of CO.e in 2023 (https://www.eex.com/en/market-
data/environmental-markets/auction-market). Based on the average 2022 spot price, the annual
CO, sequestration value from the salt marshes of the VVenice Lagoon (13,436 tons of CO»e per year) amounts
to approximately 1.08 million euros per year, whereas it amounts to approximately to 1.12 million euros per
year at the 2023 average spot price (Puppin et al., 2024).

It is important to note that EU carbon prices are highly volatile and have rapidly increased since the reform of
the EU ETS in 2018 (Directive 2018/410/EU). EUA spot prices undergone a further skyrocket growth starting
in 2021, reaching a record high of about 100 euros per ton of CO-e in February 2023, and they are currently
undergoing a slight decrease. The observed increase in EU carbon prices might continue in the future, as a
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result of the ever-growing challenge of meeting emission reduction targets. As a result, the monetary values
of the annual CO; sequestration in the salt marshes of the Venice Lagoon might similarly increase, making
polices for marsh preservation and restoration increasingly appealing.

Assuming newly constructed marshes could, over time, achieve carbon sequestration rates comparable to those
of older, established marshes, the total sequestration potential could increase proportionally with expanded
restoration efforts. In a restoration scenario aimed at recovering salt marsh areas to their historical extent from
the early 1900s (approximately 164 kmz, as estimated by Tommasini et al., 2019), the Venice Lagoon could
potentially sequester around 50,000 tons of CO. annually (Figure 13). This significant increase underscores
the critical role that large-scale marsh restoration could play in enhancing carbon storage capacity and
contributing to climate mitigation goals.

Future research is crucial to deepen our understanding of the long-term carbon sequestration dynamics in
restored marsh ecosystems. Such efforts are vital to optimizing restoration practices and ensuring their
effectiveness in bolstering climate resilience and maintaining ecological health.
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Figure 13. Carbon accumulation and CO; sequestration estimate in the salt marshes of the Venice Lagoon (modified
from Puppin et al., 2024).
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The adaptation of coastal defense structures to limit sea-driven inundation due to climate change is not a trivial
task. Detailed studies are needed to choose the most effective intervention depending on expected forcings,
such as the wave climate and sea levels, and site-specific conditions, such as the beach profiles and sediment

type.

For example, Marini et al. (2020) compared two adaptation interventions for submerged structures, involving
the same volumes and, thus, similar costs: i) the enlargement of the berm width and ii) the increase of the
structure height. The authors found that below 0.5 m of sea elevation, the enlargement of the berm width is
more effective than the increase of the breakwater elevation, and vice-versa. Further, when the sea level
variation is very small, their results showed that elevating the structure is even worse than no adaptation at all.
Low-crested structures induce a set-up within the protected zone due to wave overtopping. Such effect is
balanced by return flows that globally equal the overtopping discharge. Therefore, small piling-up occurs for
well emerged conditions, because the overtopping is limited, or for deeply submerged configurations, since
the return flow encounters a low resistance. On the other hand, the greatest water superelevation verifies for
almost null freeboard (Martinelli et al., 2006). Several experimental tests confirmed such findings on
submerged breakwaters, highlighting that the larger is the structure efficiency in terms of wave transmission,
the larger is the piling-up (Lorenzoni et al., 2016). Therefore, if compared to the emerged breakwaters,
submerged structures are less indicated for coastal protection purposes, since the piling-up causes a regression
of the shoreline and increases the risk of sea ingression on the land.

Following the analysis of climate-change driven coastal flooding at the Misa River estuarine site (Senigallia),
described in DV1.4.5, a simulation was performed for the 100-years return period scenario with the
breakwaters elevation modified to adapt to CC. Emerged breakwaters in the original configuration had an
elevation of +1.5 a.s.l. Considering the sum of future SLR and storm surge associated to the 100-years return
period scenario, i.e. 1.63 m, such structures became submerged, with an almost null freeboard R.. The
application of the semi-analytical model by Marini et al. (2022) to evaluate the beach recession AY depending
on the breakwater’s freeboard, suggested that the original configuration was the worst in terms of inundation
extent. For the model application, we used a beach slope of 1/70, a berm width of 7 m, a sea elevation of 1.63
m, a water depth of 2.3 m at the toe of the structure, a significant wave height of 3.35 m and a period of 9.93
s (wave characteristics at the offshore boundary of the model inner grid). The model assumes a linear slope for

the beach, that extends up to +2.5m a.s.l. Figure 14 shows the results of the semi-analytical model in terms of

non-dimensional beach recession 'i—yl as a function of R.. The largest recession is given by a +1.5 m freeboard,
0

that corresponds to the original breakwater elevation. VValues of R larger than 2 m make the structure emerged

in the future scenario, significantly reducing the beach recession.

34



Finanziato
dall'Unione europea
NextGenerationEU

n  Ministero .
+5 dell’Universita l [taliadomani
& e della Ricerca - :

IANO NAZIONALE
DI RIFRESA E RESILIENZA

|AY|/HO [
N
= 5

N
N

40
Rc [m]

Figure 14. Results of the semi-analytical model by Marini et al. (2022), showing the non-dimensional beach profile
recession %depending on the breakwater freeboard R..
0

Given the results shown in Figure 1, the breakwater elevation was increased up to +2.5 m a.s.l., which means
a freeboard of about +1 m in the future scenario.

The two inundation perimeters obtained with original and adapted breakwaters are almost superimposed. This
is because the largest amount of inundation is caused by the sea superelevation imposed for the 100-years
return period scenario (1.63 m). The contribution to inundation given by waves is limited by artificial
boundaries, such as roads and houses. Unlike the beach profile considered in the semi-analytical model, the
real beach does not extend with a linear slope up to 2.5 m a.s.l. and therefore the real beach recession differs
from the computed one. However, the effect of different breakwaters elevations can be observed in terms of
differences in water depths in the flooded areas. Figure 15 shows such differences computed between the
simulations with the original and adapted breakwaters. The increase of the breakwaters elevation reduces the
water depths in the inundated areas up to 20 cm.

Figure 16 and Figure 17 show the comparison in terms of mean water level and maximum wave height for the
runs with original and adapted breakwaters. The piling-up due to the almost null freeboard of the former case
is well visible in the left panel of Figure 16 and explains the larger water depths obtained with the original
configuration. The adapted configuration is also better in terms of wave attenuation, as can be observed in
Figure 17, where the reflection of waves due to the emerged structures is also visible (increase of wave height
in the region offshore of the breakwaters).
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Figure 15. Map of the differences in water depths in the flooded areas behind the breakwaters. The difference was
computed between the simulations run with i) original breakwaters and ii) adapted breakwaters.
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Figure 16. Map of the mean water levels at the sixth hour of the simulations (peak of the simulated storm) run with
original breakwaters (left) and adapted breakwaters (right).
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Figure 17. Map of the maximum wave height at the sixth hour of the simulations (peak of the simulated storm) run with
original breakwaters (left) and adapted breakwaters (right).
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