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Abstract. This study delves into the intricate dynamics between wave activity
:::::::::
investigates

:::::
wave

::::::::::
attenuation

:::::::
induced

:::
by

::
the

:::::::::
nonlinear

::::::::::
interactions

:::::::
between

:::::
wave

::::::::
dynamics

:
and marine vegetation, focusing on Posidonia oceanica meadows in the

Mediterranean Sea along the Civitavecchia coastal zone (north-eastern Tyrrhenian Sea, Italy). Traditional modeling approaches

often oversimplify wave-vegetation interactions and overlook the necessity for robust in-situ observational systems, which

can lead to inadequate representations of the dynamic environments where seagrasses thrive. The Digital Twin modelling5

framework presents a compelling solution, offering comprehensive insights that enhance decision-making for coastal management.

We advance wave-vegetation modeling by integrating a refined seagrass representation that encompasses
::
To

:::::::::
overcome

:::
the

:::::::::
limitations

::
of

::::::::::
conventional

:::::::
models,

:::::
which

:::::
often

::::::::::
oversimplify

:::::::::::
canopy-wave

::::::::
dynamics

:::
and

::::
lack

:::
the

:::::::::
integration

::::
with

:::::::::::
observational

::::
data,

::::
this

:::::::
research

::::::::
employs

:
a
::::::

digital
:::::
twin

::::::::
approach

:::
that

:::::::::
enhances

:::::
model

:::::::
fidelity

:::
by

::::::::
coupling

::::::::
numerical

::::::::::
simulations

:::::
with

::::::::
long-term

::
in

:::
situ

::::::::::::
measurements.

:::
We

:::::
refine

:::
the

:::::::
seagrass

::::::::::::::
parameterization

::
in

:
a
:::::::
spectral

:::::
wave

:::::
model

::
by

:::::::::::
incorporating

:::
an

::::::::
enhanced10

:::::::::::
representation

::::
into

:::
the

::::::
bottom

:::::::::
dissipation

::::::
source

::::
term,

::::::::
explicitly

::::::::::
accounting

:::
for

::
the

::::::
effects

::
of

:::::
plant flexibility, seasonal growth

dynamics
::::::
patterns, and phenotypic traits, all informed by site-specific measurements. Applying this model

::::::::::
observations.

::::::::::
Application

to the Civitavecchia coast demonstrated that integrating observed seasonal variability into the numerical model was crucial for

obtaining realistic results. This revealed a mean monthly
:::
site

:::::::::::
demonstrates

::::
that

::::::::
seasonal

::::::::
variability

:::
of

:::
the

::::::::
meadows

::::::
drives

::::::::
significant

::::::::
temporal

::::::::::
fluctuations

:::
in wave damping capacity,

:::::
with

:
a
::::::::

monthly
:
variation of up to 10%, intricately driven by15

seasonal growth dynamics. Spatial assessments unveiled
:
.
::::::
Spatial

:::::::
analysis

::::::::
revealed wave height reductions ranging from

::
of

10% to -
:
40%, with an average attenuation of

::::::::
averaging 18% across Sites of Community Importance and 24% for seagrass

traits over rocky substrate. These findings offer valuable insights into the role of seagrasses as nature-based solution, facilitating

more effective coastal management strategies and guiding restoration efforts in vulnerable marine ecosystems.

:::
over

:::::
rocky

:::::::::
substrates

::::::::
colonized

::
by

::::::::
seagrass.

:::::
These

::::::
results

:::::::
highlight

:::
the

::::::::
necessity

::
of

::::::::
resolving

:::::::
seasonal

:::::
cycles

:::
and

::::::::::::
biomechanical20

::::::::
flexibility

::
of

::::::
aquatic

:::::::::
vegetation.

:
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1 Introduction

It is widely acknowledged that the presence of vegetation patches serves to
::::::::
vegetation

::::::::
meadows

::::
help

:
mitigate wave activity.

This phenomenon is observed across various marine habitats, including seagrass fields
::::
beds (Infantes et al. (2012), Paul et al.

(2012), Sánchez-González et al. (2011)) wetlands ( Feagin et al. (2011)
::::::::::::::::
Zhang et al. (2020) ), and seaweed communities (Dubi25

and Tørum (1994), Løvås and Tørum (2001)). Wave-vegetation interactions result in the dissipation of wave energy through

mechanical work on plant stems, determined by seagrass
:::::::::
vegetation traits such as shoot density, canopy height, stiffness, and

bending, as well as wave characteristics. This phenomenon, termed wave damping
:::
The

:::::::
process

::::::
known

::
as
:::::

wave
::::::::
damping,

:::
as

::::::::
described by Dalrymple et al. (1984), effectively diminishes wave heights. Concurrently, this interaction induces an increase

in wavelength , thereby reducing
::::::
reduces

::::
wave

::::::
height

:::
and

::::::::
increases

::::::::::
wavelength

::::
over

:::
the

:::::::
seagrass

::::::
canopy,

::::
both

:::::::::::
contributing

::
to30

:
a
:::::::
decrease

:::
in wave steepness. As a result, the presence of vegetation contributes

:::::::::::
Consequently,

:::
the

::::::::
reduction

::
in
:::::
wave

::::::
height

::::
leads

:
to a localized reduction

:::
drop

:
in sea surface elevation behind the

::
in

::
the

:::
lee

::
of
:::
the

:::::::::
vegetation

:
patch (Beudin et al. (2017)).

Numerous numerical studies have investigated wave attenuation by submerged coastal vegetation, with early models fre-

quently simplifying flexible plants as rigid cylinders with varying drag coefficients. Mendez and Losada (2004) formulated

an empirical model incorporating wave damping and breaking across vegetation fields of various depths. Suzuki and Dijkstra35

(2007) employed a volume of fluid (VOF) model to simulate wave attenuation over different beds and vegetation fields, under-

lining the necessity for further validation concerning the intricate interplay between storm waves and seagrass-induced wave

attenuation. Recently, Pillai et al. (2022) evaluated the role of seagrass as a nature-based solution (NBS) by incorporating the

wave damping sink term induced by vegetation into the wave action density spectrum equation within the
::::::::::::
WAVEWATCH

:::
III

:
(WW3

:
)
:::::
wind

::::
wave

:
model, following the approach of Beudin et al. (2017). This development was tested in a coastal region of40

the Northern Adriatic Sea, where the study identified limitations associated with modeling
::::::::
modelling

:
seagrass as rigid stems,

resulting in excessive wave damping. The authors hypothesized that accounting for plant flexibility would yield more realistic

outcomes, and a reduced damping capacity compared to rigid formulation. Similarly, Abdolali et al. (2022), through the imple-

mentation of the vegetation term in WW3, concluded that excluding the vegetation sink term in marsh environments leads to

significant discrepancies between model outputs and observations. Jacob et al. (2023) reached analogous conclusions regarding45

the application of the SCHISM-WWM modeling
::::::::
modelling

:
framework in conjunction with a rigid vegetation module for the

coastal waters of the German Wadden Sea. Luhar and Nepf (2011)
:::::::::::::::::::
Luhar and Nepf (2016)

:
sought to develop a physics-based

model to predict wave decay in a submerged meadow, accounting for the adaptive responses of flexible plants to wave orbital

velocity
::::::::
excursion.

To investigate how flexibility can enhance model performance and, consequently, increase the model’s ability to replicate50

the behavior of seagrass meadows in wave attenuation, specific in-situ
::
in

:::
situ

:
measurements within submerged vegetation are

essential. The lack of detailed observational data on vegetation characteristics, such as morphology and mechanical properties,

poses a challenge (Luhar and Nepf (2016)). Instead, existing models often rely on generalized literature data, which may not

fully capture the nuances of different plant species. Moreover, these models tend to overlook seasonal variations in vegetation

properties, despite growing evidence of their importance in coastal processes (Jacob et al. (2023)). So far, wave attenuation by55
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seagrass canopies has been primarily measured during experiments in flumes using plant-like covers and in shallow systems

where they occupy a large fraction of the water column ( Fonseca and Cahalan (1992) , Koch and Beer (1996) , Mork (1996)

, Chen et al. (2007) , Bradley and Houser (2009)
::::::
canopy

:::::::
mimics

:::::::::::::::::::::::::::
( Sánchez-González et al. (2011)

:
;
:::::::::::::::::

Manca et al. (2012)
::

;

::::::::::::::::::
Stratigaki et al. (2011)

::
;
:::::::::::::::::
Lei and Nepf (2019)

::
;
::::::::::::::::
Vettori et al. (2024)

:
). Limited field measurements have been conducted in

meadows that occupy a small fraction of the water column due to challenges in deploying and maintaining instruments and plat-60

forms in underwater environments that can withstand intense weather events (
:::::::::::::::::::::::
Fonseca and Cahalan (1992)

:
;
:::::::::::::::::::::::

Bradley and Houser (2009)

:
; Infantes et al. (2012)).

:
A

::::::
recent

:::::
study

::
by

:::::::::::::::::::::
Contti Neto et al. (2025)

::
,
:::::
using

::::::::
extensive

:::::::::::::
high-resolution

::::
flow

:::::::::::::
measurements,

::::::::
concluded

::::
that

:::::::::
accounting

:::
for

:::::::::::
flow-induced

:::::::::
deflection

::
of

:::::::
seagrass

:::::::
blades,

:::::
which

:::::
alters

::::::::
effective

::::::
canopy

::::::
height,

:::::::::::
significantly

:::::::
improves

:::::
wave

:::::::::
dissipation

::::::::::
predictions.

:

In this study, we aim to integrate
:::::::
combine

:
numerical simulations with an observational system design, emphasizing the65

critical importance of continuous data collection and the cohesive application
:::::::::::
observational

::::
data

::
to

:::::::::
emphasize

:::
the

:::::
need

:::
for

:::::::::
continuous

:::::::::
monitoring

::::
and

:::
the

::::::::
effective

:::::::::
integration

:
of empirical measurements within

:::
into

:
numerical models. This holistic

approach not only enhances the precision of the simulations but also represents a pivotal aspect of the coastal Digital Twin

methodologies, necessitating interaction between real-world data and numerical models (Jeong and Lee (2023)). Ultimately,

such synergy seeks to facilitate informed decision-making in dynamic marine environments, supporting forecasts of environ-70

mental extremes to aid in risk assessment and management, while also advancing our understanding of the resilience of NBS

systems.

The seagrass species considered in this work is Posidonia oceanica (PO
:
P.
::::::::
oceanica) that stands out as the most common

seagrass species in the Mediterranean Sea, typically found in shallow sub-tidal waters up to a depth of 50 meters under clear

conditions (Borum et al. (2004)). Submerged plants increase bottom roughness, reducing near-bed velocities and altering75

sediment transport (Madsen et al. (2001)), while also enhancing wave attenuation (Mendez and Losada (2004)). On a long

timescale the numerical simulations of waves over marine seagrasses have so far been conducted using vegetation parame-

ters that remain constant in space and time (Pillai et al. (2022)). Given that PO
::
P.

::::::::
oceanica meadows along the coastal areas

exhibit varying characteristics depending on the type of substrate they inhabit (e.g. rock, sand, and degraded matte), it is nec-

essary to consider the spatial and temporal variability of vegetation parameters (shoot density and leaf length) to accurately80

estimate the wave damping effect. PO
::
P.

::::::::
oceanica meadows grow on an inter-annual scale by branching rhizomes horizontally

to colonize vacant substrates when environmental conditions are favorable, and vertically to prevent siltation. On a seasonal

(intra-annual) scale, above-ground biomass production occurs through leaf growth, reaching maximum length in summer and

minimum in winter. Over the years, many models of varying complexity have attempted to reproduce the growth of marine

seagrasses by developing growth curves for leaves during different seasonal periods (Ott (1980)), utilizing the concept of archi-85

tecture in terrestrial plants for rhizome branching (Molenaar et al. (2000)), using temperature to stimulate only above-ground

biomass growth (Zupo et al. (1997)), or considering growth in other plant compartments (leaves, rhizomes, and epiphytes)

by incorporating light and nutrient availability (Elkalay et al. (2003)). In this context, the RENOVATE project , funded by

the Port System Authority of the Northern-Central Tyrrhenian Sea, aims to develop an ecosystem approach for managing and

implementing compensation and mitigation measures
::::::::::
RENOVATE

::::::
project

::::::::::::::::::
( Marcelli et al. (2023)

::
),

::::::
adopts

::
an

::::::::::::::
ecosystem-based90
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:::::::
approach

::
to
:::::::::::

compensate
::
for

::::
and

:::::::
mitigate

::::::::::::
anthropogenic

:::::::
impacts in the Sites of Community Importance (SCI) for the coastal

strip around the Civitavecchia port , in the Northern
:::
near

::::::::::::
Civitavecchia

::::
port

::
in

:::
the

::::::::::
northeastern

:
Tyrrhenian Sea. The project

:::::
Using

:
a
:::::::::::
model-based

::::::::
approach,

:
it
:
focuses on restoring the ecosystem services provided by natural

:::::
marine

::::::
benthic

:
habitats, such

as PO
:
P.
::::::::
oceanica and coralligenous substrates, which have been diminished or altered by anthropogenic pressures in the study

area( Marcelli et al. (2023) ). Such effort aids in identifying optimal coastal restoration solutions, supported by the numerical95

model, and enhances coastal resilience against extreme wave events
::
to

:::::::
enhance

::::::
coastal

::::::::
resilience

::::::
against

:::::::
extreme

:::::
wave

::::::
events.

:::
The

::::
lack

::
of

:::::::
specific

:::::::::::
management

:::::
plans

:::
for

:::::
SCIs,

::::
such

::
as

::::::::::
ecofriendly

:::::
buoys

:::
to

::::::
prevent

:::::::::
anchoring

::
of

::::::::::
recreational

:::::
boats

:::
on

::
P.

:::::::
oceanica

::::::::
meadows,

:::::::::::
anti-trawling

::::::
barriers

::
to

:::::
deter

::::::
fishing

:::::
boats

::::
from

:::::
using

::::
nets

:::::
within

:::::
SCIs,

::::
and

::
an

:::::
early

:::::::
warning

::::::
system

:::
for

:::::::
dredging

::::
and

::::::::
accidental

:::::::::::
hydrocarbon

:::::
spills,

:::::::
renders

::
P.

::::::::
oceanica

:::::::::
vulnerable

::
to

:::::::
various

::::::::::::
anthropogenic

:::::::
stressors

::::::
present

:::
in

:::
the

:::
area.

:::::
Urban

::::
and

::::::::
industrial

:::::::::
discharges

::::
from

::::::::::
aquaculture

::::
and

:::::
power

::::::
plants,

:::
the

::::::::
presence

::
of

:::
an

::
oil

::::::::
platform,

:::::::
trawling

:::::::::
activities,100

:::
and

:::::::
harbour

:::::::
activities

:::::::::
connected

::
to

:::::::::::
Civitavecchia

::::
port

::::
have

:::::::::::
significantly

:::::::
impacted

:::
the

::::::
health

::
of

:::
the

::::::::
meadows.

:

This research utilizes a numerical modeling framework to capture the
:::::::
employs

:
a
:::::::::
numerical

::::::::
modelling

::::::::::
framework

::
to

:::::::
quantify

::
the

::::::
effects

::
of

:
flexibility and seasonal dynamics of PO

:
P.

::::::::
oceanica

::
on

:::::
wave

::::::::::
attenuation,

::::
with

:::
the

:::
aim

:::
of

::::::::
enhancing

:::
the

::::::::
accuracy

::
of

::::::
coastal

::::
zone

::::::::::
simulations. Through targeted data collection, we enriched our modeling

:::::
enrich

:::
our

:::::::::
modelling

:
framework

with: (i) a detailed characterization of the phenotypic traits based on substrate types in which the seagrass thrives, and (ii)105

incorporation of seasonal variability in canopy height, by estimating and imposing annual growth and fall of PO
::
P.

::::::::
oceanica

leaves. To the best of our knowledge, this marks the first study of its kind to validate the numerical model’
:::
We

::::::
attempt

::
to

:::::::
validate

:
a
::::::::
numerical

:::::::
model’s response using high-resolution local vegetation data, serving as a foundational step toward developing a

Coastal Digital Twin in support of NBS, enabling future exploration of coastal management strategies to adapt to and mitigate

the impacts of climate change
::::::::
addressing

::::
the

::::
need

::
to

::::::::::
incorporate

::::::::
temporal

:::::::::
variability

::
in

::::::::
seagrass

::::::::::::
biomechanics.

:::
As

::::::
shown110

::
by

::::::
Vettori

::
et

:::
al.

::::::
(2021),

:::::::
seasonal

::::::::
changes

:::
and

:::::::
nutrient

:::::::::
availability

::::
over

::::
the

::::
year

::::::::
influence

::::
blade

:::::
size,

:::::::
rigidity,

:::
and

:::::::::
buoyancy,

:::::::
affecting

:::::::
seagrass

:::::::::::
interactions

::::
with

::::::::::::
hydrodynamic

::::::
forces.

::::::::::
Integrating

:::
this

:::::::::::
information

:::
into

:::::
wave

::::::
model

:::::
could

::::::::
enhance

:::
the

:::::::
accuracy

::
of

::::::::::
simulations

::
in

::::::::::::::
wave-dominated

::::::::::::
environments,

:::::::
although

::::
such

::::
data

:::
are

:::::::::
frequently

::::::
limited

::
or

::::::
lacking.

The remainder of this paper is structured as follows. Section 2 outlines the modeling
:::::::::
modelling framework and its imple-

mentation, followed by the model setup for an idealized test case .
::::::::
validation

:::::
using

:
a
::::
case

:::::
study

::::
from

::::
Cala

::::::
Millor.

::::
The

:::::::
symbols115

:::
and

::::
their

::::::::::::
corresponding

:::::
units

::
of

:::::::::::
measurement

:::::
used

::
in

:::
this

:::::
study

:::
are

::::::::
provided

::
in

:::::
Table

:::
1. Section 3 presents a case study in

the Civitavecchia coastal strip, where advancements in modeling
::::::::
modelling

:
plant flexibility and seasonal effects are tested in a

realistic scenario
:::::::::
throughout

:::
the

:::::::
seasonal

:::::
cycle using a high-resolution domain of up to 20 meters over the vegetated canopies.

The main results of these advancements are then presented in Section 4, including the validation against wave
::::
wave

::::::
model

::::::::::
performance

:::::::
analysis

:::::
using

:::::
wave buoy data and the investigation of wave attenuation induced by seagrass meadows over the120

SCIs. The overall discussion (5) and conclusions (6) are then reported in the final sections of the manuscript. Further possible

improvements and limitations of the model are also discussed.
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Table 1. List of symbols.

Symbol Description Units of measure

g Gravitional acceleration LT−2

Ub Near-bed wave orbital velocity LT−1

Hs Significant wave height L

C̃D Drag coefficient -

h Water depth L

lv Leaf length L

le Effective leaf length L

bv Stem width L

Nv Vegetation (shoot) density L−2

tv Vegetation thickness L

ρv Tissue density ML−3

ρ Water density ML−3

k̃ Average wavenumber L−1

k Wavenumber L−1

λ Wavelength L

σ̃ Average wave frequency T−1

σ Wave frequency T−1

θ Wave direction -

Tpeak Peak wave period T

cg Group velocity LT−1

U Ambient current LT−1

ẋ Combined advection velocity LT−1

∇ Differential operator in 2-d space L−1

θ̇ Propagation velocity in spectral wave direction space T−1

k̇ Propagation velocity in spectral wavenumber space L−1T−1

Sbot Dissipation term due to bottom friction L3T−2

Sds,veg Dissipation term due to vegetation L3T−2

N Action density L2T−1

Etot Total energy L2

E(σ,θ) Spectral energy density L2

E Elastic modulus ML−1T−2

Γ Empirical constant L2T−3

n Ratio of phase velocity to group velocity -

I Second moment of area L4

B Buoyancy parameter -

Ca Cauchy number -
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2 Modeling
::::::::
Modelling

:
framework

The core model utilized in this study is WAVEWATCH III, WW3 (WW3DG, 2019), wind wave model, which solves the action

density balance equation for the direction and wave number spectrum (Eq. 2.1).125

∂N

∂t
+∇x · ẋN +

∂

∂k
k̇N +

∂

∂θ
θ̇N =

S

σ
(2.1)

The wave action is a function of the energy spectrum, F (k,θ, t,x), and intrinsic frequency, σ. x is a two-dimensional space,

either in Cartesian, or spherical coordinates, over which the wave action is advected at group velocity relative to the mean

current, ẋ= cg +U , with the rate of change in spectral space, k̇ and θ̇.

WW3 has been used worldwide from global to
::::::::::::::::::
( Sharmar et al. (2021)

:
;
:::::::::::::::::::
Mentaschi et al. (2020)

:
)
::
to
:::::::
regional

::::::::::::::::::
( Causio et al. (2021)130

:
;
:::::::::::::::::
Causio et al. (2024a)

:
)
::::
and coastal applications in both standaloneand coupled versions

:
,
::
as

::
in

:::
the

::::::
present

:::::
work,

::::
and

:::::::
coupled

:::::
modes

::::::::::::::::::::
( Clementi et al. (2017)

:
;
::::::::::::::::::
Causio et al. (2024b)

:
). The modified version of WW3 implemented by Pillai et al. (2022),

who incorporated the dissipation source term due to rigid vegetation, served as the foundation for the further advancements in

this work. To better model the intricate dynamics of the coastal region at finer resolutions and complex geometry, an unstruc-

tured grid configuration was employed.135

The acronyms and symbols used throughout the paper can be found in A.

The vegetation term is incorporated into the model by augmenting the bottom dissipation source term, Sbot, given by a

simple empirical linear JONSWAP parametrization (Hasselmann et al. (1973)), as defined in Eq. 2.2.

Sbot(k,θ) = 2Γ
n− 0.5

gh
N(k,θ)+Sds,veg (2.2)

The simplest approach to account for vegetation wave damping effect in a wave model is the equation proposed by Dalrymple140

et al. (1984) and Mendez and Losada (2004) and adapted in a spectral form by Suzuki et al. (2012) (Eq. 2.3).

Sds,veg =−
√

2

π
g2C̃DbvNv

(
k̃

σ̃

)3
sinh3(k̃lv)+ 3sinh(k̃lv)

3k cosh3(k̃h)

√
EtotE(σ,θ) (2.3)

This formulation models vegetation as rigid leaves and has been utilized in a number of studies (Gupta et al. (2020), Pillai

et al. (2022), Abdolali et al. (2022), Jacob et al. (2023)). Several alternative formulations have been proposed to address

the overestimation of wave damping. Some of these formulations utilize a drag coefficient that depends on hydrodynamic145

conditions, such as
:
,
:::::
some

::
of

:::::
which

::::::::::
incorporate the Reynolds number or the Keulegan-Carpenter number, as recently described

by Abdolali et al. (2022). Another approach is
:
,
:::::
while

:::::
others

:::
are

:
based on plant motion

:::::::
bending. Our study adopts the latter,

specifically by implementing the formulation proposed by Luhar and Nepf (2011)
:::
and

::::::
refined

::
in

:::::::::::::::::::
Luhar and Nepf (2016)

:
. In

this approach, the flexibility effect is incorporated into the source term computation by replacing the vegetation length, lv , with

an effective length, le ::::
(Eq.

::::
2.4).

::::::::
Although

:::
the

:::::::
original

:::::
work

::::::::
considers

::
a
::::::::::::
unidirectional

::::
flow

::::
field,

:::
we

:::::::::
formulate

:::
the

:::::::
Cauchy150

:::::::
number,

:::
Ca, as a function of the

::::
wave

:
bottom orbital velocity, Ub, according to Eq. 2.4.

::
to

:::::::
account

:::
for

:::
the

::::::::::::
wave-induced

::::::::
oscillatory

::::::
flows.

::::::
These

:::::::::::
modifications

:::::
were

::::::::
proposed

:::
by

::::::::::::::::::::
Luhar and Nepf (2016)

:::::
using

:::
the

::::::::::
oscillatory

:::::::
velocity

:::::
scale

::
as

::
a

6



:::::::
function

::
of

:::
the

::::
wave

::::::
orbital

:::::::::
excursion,

:::
and

::::
later

:::::::
adapted

:::
by

:::::::::::::::::
Vettori et al. (2024).

le = lν −
1− 0.9Ca−1/3

1+Ca−3/2(8+B3/2)
lν (2.4)

155

where B =
(ρ− ρν)gbνtν l

3
ν

EI
,

Ca= 0.5
ρCDbνU

2
b l

3
ν

EI
,

I =
bvt

3
v

12
.

2.1 Idealized test case
:::::
Model

:::::::::
validation

Table 2. Numerical model parameters used in the idealized test
::
for

::::::::::::::::
Infantes et al. (2012)

:
case

::::
study.

Bathymetry Derived from Infantes et al. (2012)

Plants PO
::
P.

:::::::
oceanica

Leaf length lv 80 cm

Shoot density Nv 615 m−2

Elastic module
::::::
modulus

:
E 0.47 GPa

Thickness tv 0.0003 m

Tissue density ρv 900 kg m−3

Leaf width bv 0.0092 m

Simulation period 2009/07/12 - 2009/07/20

Forcing Wave energy spectrum at the open boundary from Infantes et al. (2012). No winds.

Initial conditions At rest

To validate the bottom vegetation effects described in
:::
Eqs.

:
2.3 and 2.4, we developed an idealized

:
a test case based on the160

study by Infantes et al. (2012). This study represents a crucial benchmark as it involved a measurement campaign of SWH over

::::
wave

:::::::
heights

::::
over PO

::
P.

:::::::
oceanica meadows in the Balearic Islands. Additionally, they provided fundamental data on beach

depth profiles, PO
:
P.
::::::::
oceanica parameters (i.e. shoot density, leave length, meadow extensions), and wave height attenuation

along a transect. Our validation methodology aimed to replicate the conditions described in Infantes et al. (2012) within our

numerical model implementation. The numerical setup is summarized in Table 2.165

The domain of the test case
::::
Cala

:::::
Millor

:
(Figure 1) was reconstructed using an unstructured mesh with a horizontal resolution

of approximately 20 meters, extending 1.2 km radially from the shore and 0.7 km along the coastline. The extent and coverage

of the vegetation meadows were chosen to reflect the real domain investigated in Infantes et al. (2012), preserving the locations

of the moorings, distances from the coast, and distances between moorings. The depth profile and simulation time window

were derived from the original work. To minimize uncertainty from external forcing and to investigate vegetation-induced170
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wave dissipation more accurately, we excluded wind forcing from the simulation. Only the measured wave height time series

at the offshore mooring location was imposed at the open lateral boundary (indicated in red in Figure 1) of the test case domain.

This boundary forcing represented the only input for our validation test case
:::
case

:::::
study. The wave direction was assumed to be

perpendicular to the coastline.

Figure 1. Idealized test
:
A
::::

Cala
:::::
Millor

:
case (

::::
study domain and bathymetry ) customized from Infantes et al. (2012), with location of mooring

data. O denotes offshore moorings, while N denotes nearshore moorings. Green mesh elements indicate elements with vegetation, while

yellow elements do not include vegetation at the bottom. The dashed line represents the transect N-O analyzed later.

We conducted three numerical experiments with the following configurations: (i) no vegetation (no_veg), using the default175

code of WW3; (ii) rigid vegetation (veg_rigid), including the implementation used in Pillai et al. (2022); (iii) flexible vegetation

(veg_flex), including the formulation proposed in this study. The assessment of wave attenuation was carried out by comparing

the simulation results with wave measurements taken by Infantes et al. (2012) at a nearshore buoy after the waves traveled

approximately 1 km over the vegetation.

Figure 2 presents the results of the test case validation for the period investigated by Infantes
:::::::::::::::::
Infantes et al. (2012) . Accord-180

ing to the observations, the reduction in wave height
::::::::
significant

:::::
wave

:::::
height

:::
Hs:::::::

(SWH), considering the combined effects of

vegetation and depth-induced damping, is approximately 50-60% over a distance of ∼1 km.

The three colored lines represent our numerical experiments. As expected, the no_veg experiment (blue line) closely mir-

rors the offshore SWH
::::
wave

:::::
height, as it only accounts for depth-induced dissipation. This low dissipation from offshore to

8



Figure 2.
::::::::
Significant

::::
wave

:::::
height

::
(SWH)

:
timeseries comparison for no_veg, veg_rigid

:::::
no_veg

::
(no

:::::::::
vegetation),

::::::::
veg_rigid

::::
(rigid

:::::::::
vegetation)

and veg_flex
::::::
(flexible

:::::::::
vegetation) experiments against

:::::::
nearshore

:::
and

::::::
offshore

:
moorings in the idealized geometry of Figure 1.

nearshore can be approximately quantified as 10-20% under the simulation conditions. In contrast, the veg_rigid experiment185

(red line) exhibited the greatest
:::::::::::
demonstrated

:::
the

::::
most

:::::::::
significant

:
wave damping, with very low

:::::::
showing

:::::::
minimal

:
variability

in wave height during the simulation time and
:::::::::
throughout

:::
the

:::::::::
simulation

::::::
period.

::
It

::::::::
exhibited

:
a substantial wave reduction of

around
::
∼80%

:
,
::::
with

::
a
::::::::
computed

::::
bias

:::
of

::::
-0.18

:::
m

:::
and

:::
an

::::::
RMSE

::
of

::::::
0.178

::
m. The veg_flex experiment (green line) provided

:::::::
achieved

:
the highest accuracy(

:
,
::::
with

:
a
:
dissipation of ∼40-50%), closely matching the observed peaks and demonstrating good

alignment with the observed data
::::::::::
observations

::::
and

:::::::
aligning

::::
well

::::
with

::::
the

::::
data,

:::::::
yielding

::
a
::::
bias

::
of

:::::
-0.04

::
m

::::
and

::
an

::::::
RMSE

:::
of190

:::::
0.126

::
m.

Figure 3 presents a map (a) and transect profile (b) of SWH, illustrating wave attenuation during the peak event on 07/17

at 23:00. The offshore observation recorded the wave of 1.2 m, which decreased to 0.65 m at the nearshore station, indicating

50% wave dissipation due to the presence of vegetation and shoaling. This pattern is also captured by the veg_flex simulation.

The investigation suggests that the attenuation effect is amplified with increased wave height, consistent with the equations195

::::
Eqs.

:
2.3 and 2.4.

It is noteworthy that the SWH slopes in the N-O transect of Figure 3b exhibits varying degrees of reduction in the different

cases. The no_veg simulation showed almost a SWH linear decrease with a very low slope leading to a significant overestima-

tion of SWH. The rigid vegetation simulation (veg_rigid) curve shows a linear and rapid drop in SWH as the wave propagates

from the boundary over the seagrass meadows. In contrast, the veg_flex implementation displays non-linearity as waves ap-200

proach the shore, attributed to the variation in effective vegetation length in response to different wave energies. All these

considerations converge in determining a greater difference between no_veg and veg_flex simulations as the SWH increases.
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Figure 3. (a) Map of SWH for veg_flex configuration and (b) SWH profiles for the three configurations (no_veg, veg_rigid and veg_flex)

along the transect N-O (as indicated in Figure 1) at the event peak of 2009-07-17 - 23:00.

Given the high accuracy demonstrated by the flexible vegetation simulation set-upin the idealized case, this model structure

is further used in a realistic model setup, considering the coastal area of Civitavecchia along the Latium coast of the Tyrrhenian

Sea.205

3 The realistic study
::::::::::::
Civitavecchia case

:::::
study

To analyze the attenuation of the waves due to PO in realistic conditions
::
To

:::::
assess

:::
the

::::::
impact

::
of

::
P.

::::::::
oceanica

::::::::
meadows

::
on

:::::
wave

:::::::::
attenuation

:::::::::
throughout

:::
the

::::::::
seasonal

::::
cycle, the model was implemented in the coastal area of the northeastern Tyrrhenian Sea,

Italy, extending from Tarquinia in the north to S. Severa in the south, with Civitavecchia in central zone of the domain (Figure

4).210

The study area contains four SCIs established by the European Union’s Habitat Directive (92/43/CEE) under Annex 1.

Moving from north to south, the SCI 6000004 ("Seabeds between Marina di Tarquinia and Punta delle Quaglie"), SCI 6000005

10



Figure 4. Map of the area of Civitavecchia with bathymetry, Sites of Community Importance (SCI), observations used in the study and

distribution of the Posidonia oceanica (PO)
:
P.
:::::::
oceanica over the different substrate types (PO

::
P.

:::::::
oceanica on rock, PO

::
P.

:::::::
oceanica on sand

and matte, and degraded matte with PO
::
P.

:::::::
oceanica). (b) Mesh of the computational domain with enlarged views in the vicinity of the

Civitavecchia harbour.
11



("Seabeds between Punta S. Agostino and Punta Mattonara"), SCI 6000006 ("Seabeds between Punta del Pecoraro and Capo

Linaro"), and SCI 6000007 ("Seabeds off Santa Marinella") are present, hereinafter referenced as SCI 1, SCI 2, SCI 3, and SCI

4 respectively (Figure 4a).215

In this area, the PO
::
P.

:::::::
oceanica meadows exhibit a discontinuous distribution and high variability in structural and functional

descriptors (Figure 4a), reflecting the heterogeneity of the local environments and the presence of various socio-economic ac-

tivities (Gnisci et al. (2020), Bonamano et al. (2021)). The upper depth limit of PO
:
P.

::::::::
oceanica meadows was determined using

high-resolution remote sensing imagery (Borfecchia et al. (2019)), while in the shallower depths acoustic surveys (Ardizzone

et al. (2018)) have been used. PO
:
P.
::::::::
oceanica occur at depths ranging from 0.5 m to 25 m and are situated on rocky substrates220

(depicted by the brown
:::
red area in Figure 4a on the right), degraded matte, indicating sediment-rich areas with reduced plant

cover and dead matte with isolated patches of PO
::
P.

:::::::
oceanica, (the violet area in Figure 4a on the right), and sandy bottoms (the

green area in Figure 4a on the right). These meadows exhibit high fragmentation and display significant variability in coverage,

ranging from 6% to 98%, with a coefficient of variation of 72.4% (Gnisci et al. (2020)). Moreover, the density is influenced

by the meadows’ architecture, with an average of 141.7 ± 62.9 shoots per square meter (Bonamano et al. (2015); Gnisci et al.225

(2020)). The lack of specific management plans for SCIs, such as ecofriendly buoys to prevent anchoring of recreational boats

on PO meadows, anti-trawling barriers to deter fishing boats from using nets within SCIs, and an early warning system for

dredging and accidental hydrocarbon spills, renders PO vulnerable to various anthropogenic stressors present in the study area.

Urban and industrial discharges from aquaculture and power plants, the presence of an oil platform, trawling activities, and

harbor activities connected to Civitavecchia port have significantly impacted the health of the meadows.230

3.1 Model setup

Spanning approximately 90 km along the northeastern Tyrrhenian Sea coast, the model domain (Figure 4b) is centered around

the port of Civitavecchia. Coastline reconstruction involved integrating data from recent high-resolution satellite images with

the OpenStreetMap dataset (OpenStreetMap contributors (2017)). Advanced, customized meshing tools were employed to

achieve a high grid resolution of around 20 m near the shore and a coarser resolution of approximately 2 km offshore. GMSH235

(Geuzaine and Remacle (2009)) was utilized for mesh generation, while BLENDER (Blender Community (1994)) facilitated

optimization and quality checks of the triangles (Bonamano et al. (2024)). The meshing algorithm, based on a frontal Delaunay

approach (Remacle et al. (2013)), defines the nominal grid size as the maximum edge length of the triangles.

Bathymetric data were obtained from the EMODNET product (Consortium (2016)) at a resolution of 1/8 × 1/8 arc-min

(approximately 230 × 230 m) for the open sea. This data was augmented with high-resolution multi-beam data collected in240

specific coastal areas, including near the harbor
::::::
harbour

:
area and within the SCIs, provided by the Autorità di Sistema Portuale

del Mar Tirreno Centro Settentrionale. At the open lateral boundaries, the domain is forced with the downscaled Copernicus

regional model (Korres et al. (2023)) mean wave parameters (Hs, θ, Tpeak) of 1h frequency for the period of simulation of 1

year (2016/10/01 –
:
- 2017/09/30). ECMWF operational analysis (Owens and Hewson (2018)) were used for wind data at 6h

frequency. The specific parametrizations for the WW3 model set-up are summarized in
::::::::
Appendix A.245
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Table 3. Description of the numerical experiments.

Experiment Configuration Description

NV No vegetation The simulation is conducted without any vegetation present.

VF Flexible vegetation with varying substrates The simulation incorporates flexible vegetation with annual

mean leaf length values for PO
::
P.

::::::
oceanica (lav as shown in

Table 4). Spatial variations in leaf length and shoot density

are accounted for based on substrate types (rock, sand, and

degraded matte).

VFS Flexible vegetation with varying substrates and seasonal

growth factors

This simulation captures the seasonal growth of PO
::
P.

::::::
oceanica, as depicted in Figure 5. Initial values (lv) for Oc-

tober 2016 are provided in Table 4. Growth and shoot den-

sity vary across substrate types (rock, sand, and degraded

matte).

Table 4. Vegetation parameters for different substrates of PO
:
P.
:::::::

oceanica meadows with initial and averaged over the simulation period

(annual mean) leaf length values.

PO
::
P.

:::::::
oceanica parameters Rock Sand and Matte Degraded Matte

Nv (m−2) 209.46 277.57 145.3

lv (cm) 47.5 46.3 41.2

lav (cm) 28.5 35.8 25.5

bv (cm) 0.92 0.92 0.92

tv (cm) 0.03 0.03 0.03

ρv (kg/m2) 218.6 218.6 218.6

E (GPa) 0.47 0.47 0.47

To assess the wave attenuation in the study area, we conduct three experiments with different parametrizations in the veg-

etation module (Table 3). In the first configuration, we simulated the absence of the meadows in the study area by excluding

the source term Sds,veg . In the second configuration, VF, all the parameters of the vegetation module remain constant over

time, while leaf length and shoot density vary according to different substrate types , therefore mimicking the growth dynamics

in the model (Table 4).
:::::
given

::
in

:::::
Table

::
4.

:
The values for leaf length and shoot density represent the annual average

:::::::
averages250

derived from inter-annual sampling (see Section 3.2). The elastic module
:::::::
modulus

:
value is set at 0.47

:::
GPa

:
and was determined

by Folkard (2005), who measured the angle of deflection of a small, cantilevered strip of the sheeting when loaded with small

weights. In the third configuration, VFS, the model mimics the seasonal variations in canopy height, defined as the maximum

length of a leaf within a shoot. This is achieved by fitting a fifth-degree polynomial curve to canopy height data collected in
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PO
:
P.

::::::::
oceanica meadows within the study area. The growth curves obtained for the three substrate types

::
in

::::::
Figure 5 exhibit a255

trend similar to those described by Ott (1980) in Gulf of Naples, an area in the Thyrrenian Sea close to the current study area

with similar wave climate. A similar approach has already been employed in previous studies to analyze the annual growth

dynamics of PO
::
P.

::::::::
oceanica (Duarte (1989); Alcoverro et al. (1995)) and to estimate the carbon dioxide fixed by the plants

(Vassallo et al. (2013)).

According to this growth model
::
the

::::::
growth

:::::::
patterns, maximum leaf growth is reached at

::::::::::
development

::
in

::
P.

::::::::
oceanica

:::::
occurs260

:::::
toward

:
the end of the summer period. Subsequently, intense autumn stormscause

:::::
season.

:::::
This

::
is

:::::::
followed

:::
by

:::
the

:::::
onset

:::
of

::::::
intense

::::::::
autumnal

::::::
storms,

:::::
which

::::::
induce

:
the detachment of older leaves, resulting in a sharp reduction

:::::::
senescent

::::::
leaves,

:::::::
leading

::
to

:
a
::::::
marked

:::::::
decline in canopy height during winter, leaving only juvenile leaves at

:
.
::
At

::::
this

:::::
stage,

::::
only

:::::::
juvenile

::::::
shoots

::::::
persist,

:::::::::::
characterized

::
by

:
their minimum annual length.

:::
leaf

::::::
length.

::::::::
Notably,

:::
the

:::::
timing

::
of

::::::::
minimum

:::::::
canopy

:::::
height

:::::
varies

::::
with

::::::::
substrate

::::
type,

:
a
:::::::

pattern
:::
that

::::
may

::::::
reflect

::::
both

:::::::::
biological

::::::::
variability

::::
and

:::::::::
senescence

::::::
cycles,

:::
as

::::
well

::
as

:::::::::::
observational

::::::::::
uncertainty

::::::
during265

:::::
winter

:::::::
months,

:::::
when

::::::
adverse

:::::::
weather

:::::::::
conditions

::::::::
hindered

:::
data

:::::::::
collection

:::
due

::
to

:::
the

::::::::::
infeasibility

::
of

:::::
scuba

:::::::
diving.

Specifically, in the study area, the growth of POon sandy substrates occurs more rapidly compared to other substrates,

resulting in generally longer leaves during the summer period. Conversely,
::
P.

:::::::
oceanica

::::::
growing

:::
on

:::::
sandy

:::
and

:::::
matte

:::::::::
substrates

::::::
exhibits

:::::
faster

::::::
growth

:::
and

::::::
greater

::::
leaf

::::::::
elongation

::::::
during

:::::::
summer

:::::::
months.

:::
On

:
a
:::::
sandy

::::::::
substrate,

:::::
which

::::::::
facilitates

::::
root

:::::::::
penetration

:::::::::::::::::::
( Di Maida et al. (2013)

::
),

::::::::
meadows

::::::::::
demonstrate

::::::
greater

:::::::::
resilience

::
by

::::::::::
postponing

:::
the

:::::
onset

::
of

::::::::::
senescence

:::
and

::::::::::
maintaining

::
a270

:::::
higher

::::::::
minimum

:::::::
canopy

:::::
height

::::::
during

::::::
winter.

::
In

:::::::
contrast,

:::::
rocky

::::::::
substrate

:::::::
imposes

::::::::::
mechanical

:::::::::
limitations

::
on

::::
root

::::::::::
penetration,

::::::::
restricting

::
P.

::::::::
oceanica

:
to
::::::::::
establishing

::::::
within

:::::::
crevices

:::::::::::::::::::::::::
( Hemminga and Duarte (2000)

::
),

::::::::
reflecting

:
a
::::::
greater

:::::::
demand

::
for

:::::::::
anchorage

:::
and

:::
the

:::::::
reduced

:::::::
nutrient

:::::::::
availability

:::::::::::::::::::::
( Giovannetti et al. (2008)

::
).

:::::
Given

::::
that

:::::::::::::
sediment-based

:::::::
nutrient

:::::
uptake

:::::::
through

:::
the

:::::
roots

:
is
::

a
:::::::
primary

:::::::
pathway

:::
for

::::
this

::::::
species

:::::::::::::::::::::::::::::
( Touchette and Burkholder (2000)

::
),

:::::
these

:::::::::
constraints

:::::
likely

:::::::::
contribute

::
to

::::::::::
diminished

::::::
growth

::::::::::
performance

::
in

::::::
winter

:::::::
months.

::::::::
Similarly,

:
canopy height is lower for PO

:
P.

::::::::
oceanica growing on degraded matte, as the275

reduced shoot density offers limited protection against intense autumnal storms, which tend to uproot nearly all leaves, leaving

only those a few millimeters long. Thus, the values shown in Table 4 for initial leaf length reflect initial conditions of PO
::
P.

:::::::
oceanica meadows in October and are subject to change over the simulation according to Figure 5 for VFS experiment.

While the
:::
The

:
growth factor is inherently site-specificand

:
,
:
influenced by physical

:::
and

::::::::::::
environmental

:
variables such as

wave action, turbidity, temperature, and proximity to river mouths,
::::

and
:::::::
nutrient

::::::::::
availability, requiring localized data collec-280

tion
:
.
::::::
Unlike

:::::::::::::
biogeochemical

::::::
models, the proposed formulationoffers a significant advantage: it eliminates reliance on abiotic

parameters like temperature, light, and nutrients. These parameters often face challenges such as limited
:
,
:::::
based

:::
on

::
in

::::
situ

:::::::::::
observations,

::::
does

:::
not

::::
rely

:::
on

:::::::
abiotic

::::::::::
parameters,

:::::
which

::::
are

:::::
often

::::::
limited

:::
by

::::
poor

:
temporal coverage (e.g., cloud cover

disrupting high-resolution satellite observations
:::::::::::::
cloud-obstructed

:::::::
satellite

::::
data) or insufficient spatial resolution in coastal zones

(e.g., the 4 km grid used by Copernicus Marine Services regional models).285

3.2 Observational data

To model the PO
::
P.

:::::::
oceanica meadows in the four SCIs, structural, morphological, and dynamic parameters of the seagrass

were collected at 15 stations (POS1-POS15) in 2017, as illustrated in Figure 4a on the right. The sampling of plants followed a
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Figure 5. Timeseries of PO leaves height
::
P.

:::::::
oceanica

:::
leaf

:::::
length

:
variation throughout the year, showing seasonal observations alongside

fitted growth curves.
:::
The

:::::::::::
corresponding

::::::::
coefficients

::::
used

:::
for

::
the

:::::
fitted

:::::
curves

::
are

:::::::
provided

::
in

::::::::
Appendix

:::
A2.

hierarchical design in accordance with the standard protocol reported in Buia et al. (2004). By scuba diving, shoot density, Nv ,

was determined as shoots per square meter by counting the number of shoots within nine randomly selected squares (40 × 40290

cm). A total of 18 orthotropic rhizomes were randomly collected from each station (six rhizomes for three replicates per station)

for phenological analysis (Giraud et al. (1979)). In the laboratory, leaves of PO
:
P.

::::::::
oceanica were scraped to remove epiphytes

and then washed in distilled water. Subsequently, biometric variables such as the number, length (lv), width (bv), and thickness

(tv) of juvenile, intermediate, and adult leaves per shoot were measured at each station, following Giraud’s classification

(Giraud (1977)). According to Pergent-Martini et al. (2021), the longest leaf within a shoot is most often the third-ranked leaf,295

which has therefore been adopted as the representative value for canopy height. To calculate the tissue density of the leaves

(ρv), the oldest leaf with an intact apex was dried in an oven at 60oC for 48 hours and then weighed. Leaf density was then

estimated by dividing the dry weight of the leaf by its volume, calculated from the previously defined biometric data.

To validate the WW3 model, wave data were gathered from the wave buoy of the Civitavecchia Coastal Environment Moni-

toring System (C-CEMS), developed by the Laboratory of Experimental Oceanology and Marine Ecology and operational since300

2005 in the coastal marine area of Civitavecchia (Bonamano et al. (2016); Bonamano et al. (2021); Bonamano et al. (2023)).

The Datawell wave buoy is equipped with a wave motion sensor mounted on a stabilized platform, along with accelerometers

and a magnetic compass. It has enabled the measurement of wave height (with an accuracy of 0.5% of the measured value),

wave direction, wave period at a depth of approximately 50 meters. The simulations were validated using SWH measurements

recorded from October 2016 to November 2017.305
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4 Results

In this section, we first analyze the wave fields over the Civitavecchia region (Section 4.1) based on VFS configuration results

and discuss the overarching wave patterns. Subsequently, in Section 4.2, we validate the VFS experiment output against obser-

vational data, evaluating the performance metrics such as correlation coefficient and bias. In Section 4.3 we intercompare the

VF and VFS experiments against the NV.310

4.1 Wave field analysis

The area of Civitavecchia is influenced by the waves approaching predominantly from southwest as shown on an annual mean

SWH, Figure 6 (a, b). In VFS configuration, the waves are impacted by the vegetated zones producing irregular SWH patterns

along the coast. The deep blue color depicts the harbor
:::::
colour

::::::
depicts

:::
the

:::::::
harbour

:
zone, which is shielded by the breakwater.

The patches of light blue regions, in (a), show the annual mean wave height reduction due to the presence of vegetation down315

to 0.2 m from 0.4 m in NV configuration, (b). The seasonal SWH maps (Figure 6 c, d, e, f) illustrate that waves are greater

during autumn to winter period (OND, JFM), with offshore waves averaging 0.8 m and diminishing to 0.4 m at the coast of

Civitavecchia. During this period, the predominant wave direction is northward, highlighting the exposure of site SCI 3 to

substantial wave activity at the Santa Marinella coastal edge. Conversely, during the warmer spring to summer period (AMJ,

JAS), wave energies decrease by ∼ 40%, with offshore waves averaging 0.5 m and reducing to 0.3 m at the coast. During this320

period, the waves approach the coast more perpendicularly and SCI 4 benefits from the partial protection provided by the Santa

Marinella headland, resulting in wave divergence.

4.2 Model validation
:::::::::::
performance

:::::::
analysis

The
::
We

::::::
assess

:::
the

:::::
wave

::::::
model’s

:::::::::::
performance

:::::
using

:::::::
offshore

:::::
buoy

::::
data

::::::::
described

::
in

:::::::
Section

:::
3.2.

:::::::::
However,

::::
since

:::
the

:::::
buoy

::
is

::::::
located

::::::
outside

:::
the

::::::::
vegetated

::::
area

:::
and

::::::
beyond

::
its

:::::::::
influence,

:::
the

::::::::
validation

::::
does

:::
not

:::::::
account

::
for

:::
the

::::::
effects

::
of

:::::::
seasonal

:::::::::
variability325

::
or

::::::::
flexibility

::
in
::::

the
:::::
model

::::::::::::::
implementation.

::::::::::::
Nevertheless,

:::
the

:
SWH timeseries in Figure 7a at the wave buoy location (see

Figure 4a) provides
:::::::
valuable

:
insight into high-amplitude waves over the simulated periods

:::::
period, with wave heights reaching

4 meters, peaking in March. Similarly, we can conclude here that such strong
:::::
These

:::::
strong

:::::
wave events occur more frequently

in
:::::
during

:
colder seasons. As previously noted, we anticipate that high-amplitude waves in autumn will impact the coastline

and significantly damage the vegetation canopies starting over the seasonal cycle in October, as observed in Figure 7a. The330

figure compares the VFS experiment results with wave observations collected during the same period, represented in red. To

minimize the impact of extreme
::::::::
localized point-wise variationsor shifts, the average values from the five nodes closest to the

buoy were used. The model generally overestimates wave heights during autumn and winter, while slightly underestimating

peak wave events in spring and summer. When wave heights are below 0.5 m, the model tends to provide lower estimates

than observed. Overall, the model demonstrates strong performance, accurately capturing peak events with a high correlation335

coefficient of 0.95 and a bias of -0.14 m (Figure 7b).
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Figure 6. Maps (zoomed over the coastal area) of annual mean (a) and seasonal (OND, JFM, AMJ, JAS) mean (b, c, d, e) SWH (1 Oct 2016

- 30 Sept 2017) including flexible vegetation and seasonality effect (VFS).

Figure 7. Comparison of the
::::
wave model results (VFS) with the buoy data (Figure 4a) in terms of timeseries (a) and a scatter plot (b).

::
In

:::
plot

:::
(b),

::
the

:::::::
dash-dot

::::
black

:::
line

::::::::
represents

:::
the

:::::
perfect

:::::::::
correlation

::
for

:::
the

::::::::
reference,

::::
while

:::
the

::::
solid

:::
red

:::
line

:::::
shows

::
the

:::::
model

::::::
fitting.

:
A
::::::::

statistical

:::::::
summary

:
is
::::
also

:::::::
provided.

We further analyze the model performance calculating the
:::::::::::
dimnesionless

::::::
relative

:
bias in SWH associated with the incoming

wave direction (Figure 8). Consistent with the quiver map in Figure 6a, the mean incoming wave direction is southwest, ranging

between 210–240
:::::::
210-240◦N. We see a positive

::::::
observe

:
a
:::
0.2

:
increase in SWH bias with increasing wave height , reaching up

to 0.5 m for waves with magnitudes of
::::::
relative

::::
bias

::::
with

:::::
rising

:::::
wave

::::::
height

:::
for

:::::
waves

:::::::
ranging

::::
from

:
3 –

::
to 4.5 m. However,340
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Figure 8.
::::::
Heatmap

::
of
:

SWH and wave direction
::::::
relative bias heatmap (m

::::::::::
dimentionless)

:
,
::::
with

::
the

::::::
relative

::::
bias

:::::::::
formulation

::::::::
described

::
in

::::::::::::::::
Roelvink et al. (2009)

:
.

for smaller southern waves, 180◦N, with the heights of 1 – 2 meters
:
of

:::
1-2

:::
m, the model predominantly underestimates SWH,

showing a negative bias of up to 0.4 m
:::
0.3. The highest positive biasis more

:
,
:::
0.3,

::
is
:::::
most frequently observed for the western

waves (270–300
:::::::
270-300◦N) of 2.5 – 3.5

::::
2-3.5

:
m magnitude. This

::::::::::
Expectedly,

:::
the

:::::::::::::
lower-amplitude

::::::
waves,

::::
due

::
to

::::
their

::::::
higher

::::::::
frequency,

:::::::
produce

::
a

:::::::
negative

::::
bias

:::::
across

:::
all

::::::::
directions,

::::::::
reaching

:::
0.4.

::::
This

:::::
effect

::
is
::::
also

::::::
evident

::
in

::::::
Figure

:::
7a,

:::::
where

:::
the

::::::
model

::::::::::
consistently

::::::::::::
underestimates

:::::
SWH.

:
345

:::
The

:
variability in bias is likely associated with the absence of coupling effects with currents .

::
in

:::
the

::::::
region.

::::::
Studies

:::::::
identify

::
the

:::::::::
Bonifacio

:::::
Strait

::
as

:
a
::::::::

principal
::::::
driving

:::::
force

::
of

::::::::
cyclonic

:::
and

::::::::::
anticyclonic

:::::
gyres

::::::::::::::::::::::::::
( Astraldi and Gasparini (1994)

::
),

:::::::
forming

::
the

:::::::::
Bonifacio

:::::::
cyclone,

:::::
where

:::
the

::::::
winter

:::::::::
convection

::
is

:::::::::
particularly

::::::
strong

:::::::
reaching

:::
the

::::::::::
northeastern

:::::
coasts

::::::::::::::::::
( Iacono et al. (2021)

:
).
:::::
From

::::::
autumn

::
to

:::::
early

:::::
spring,

:::
the

:::::::::
northward

:::::::
principal

::::::
stream

:::::::
entering

:::
the

:::::::::
Tyrrhenian

:::
Sea

::::
from

:::
the

:::::::
Sardinia

:::::::
Channel

::::
and

:::::
Sicily

::::
Strait

:::::::
follows

::::
along

:::
the

::::::
eastern

:::::
coast

:::
and

:::::
splits

:::
into

:::
an

:::::::::
outflowing

:::::
stream

:::
via

:::
the

::::::
Corsica

:::::::
Channel

::::
and

:
a
:::::::
cyclonic

:::::::::
southward

::::
flow350

:::::::
entrained

:::
by

:::
the

::::::::
Bonifacio

::::
gyre

:::::::::::::::::::
( Vetrano et al. (2010)

:
).
::::::
These

:::::::::
circulation

::::::
patterns

::::
may

::::::::
influence

:::::
wave

:::::::::
dynamics,

:::::::::
potentially

:::::::
affecting

:::
the

:::::::
model’s

:::::::::::
performance,

::::::
though

:::
the

:::::
extent

::
of
::::
this

::::::
impact

:::::::
remains

::::::
unclear

:::
and

:::::::
requires

::::::
further

::::::::::::
investigation.

4.3 Seagrass induced wave attenuation

We compare the three different experiments ,
::::::::::
experiments described in Table 3 , to estimate the significance and contribution of

vegetation and seasonality in
::
to

:::::::
evaluate

:::
the

:::::::::::
contributions

::
of

::::::
flexible

:::::::::
vegetation

:::
and

::::::::
seasonal

:::::
effects

::
to
:
wave attenuation. Table355

5 summarizes monthly mean SWH and bottom wave orbital velocities (UBR), averaged over all the
:::::::
presents

:::
the

:::::::
monthly

:::::
mean

:::::
values

::
of

:::
Hs:::

and
::::
Ub,

:::::::
averaged

::::::
across

::
all vegetated nodes for three experiments and their

:::
the

::::
three

:::::::::::
experiments,

:::::
along

::::
with

::::
their

:::::::::::
corresponding

:
percentage differences. Such vegetated areas’ mean values allow us to quantitatively assess the performances
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Table 5. Monthly mean SWH
::
Hs:

and UBR
::
Ub over vegetation area and their differences for the three experiments in Table 3.

Variable Experiment OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP

Hs (m)

VFS 0.421
::
0.43 0.638

:
0.67

:
0.319

::
0.33 0.456

:
0.48

:
0.500

::
0.56 0.474

:
0.49

:
0.423

::
0.43 0.300

::
0.31 0.285

::
0.29 0.358

::
0.36 0.257

:
0.26

:
0.484

:
0.47

:
VF 0.421

::
0.43 0.606

:
0.62

:
0.305

::
0.31 0.439

:
0.45

:
0.532

::
0.54 0.461

:
0.47

:
0.418

::
0.42 0.299

:
0.3 0.288

::
0.29 0.369

::
0.37 0.266

:
0.27

:
0.508

:
0.51

:
NV 0.456

::
0.48 0.671

:
0.72

:
0.330

::
0.35 0.480

:
0.52

:
0.583

::
0.62 0.509

:
0.54

:
0.451

::
0.48 0.317

::
0.33 0.302

::
0.32 0.393

::
0.41 0.280

:
0.3 0.557

:
0.59

:

Hs (%)

VFS-NV -7.704
:::
-11.1 -4.854

::
-7.23 -3.366

:::
-4.97 -4.910

::
-7.16 -5.703

:::
-8.39 -6.841

:::
-10.14 -6.197

:::
-9.07 -5.163

:::
-7.52 -5.832

:::
-8.56 -8.968

:::
-13.15 -8.239

:::
-12.07 -13.084

::
-19.35

:
VF-NV -7.809

:::
-11.25 -9.635

:::
-14.21 -7.464

:::
-10.93 -8.569

:::
-12.46 -8.684

:::
-12.76 -9.374

:::
-13.89 -7.251

:::
-10.59 -5.415

:::
-7.89 -4.707

:::
-6.91 -6.184

:::
-9.07 -5.304

::
-7.8 -8.834

:::
-13.09

VFS-VF 0.113
::
0.16 5.290

:
8.13

:
4.428

:
6.7 4.001

:
6.06

:
3.264

::
5.01 2.795

:
4.35

:
1.136

:
1.7 0.266

:
0.4 -1.180

:::
-1.77 -2.967

:::
-4.48 -3.099

::
-4.63 -4.661

::
-7.2

Ub (m/s)

VFS 0.096
::
0.08 0.156

:
0.14

:
0.078

::
0.07 0.105

:
0.09

:
0.138

::
0.12 0.114

:
0.1 0.095

::
0.08 0.061

::
0.05 0.056

::
0.04 0.078

::
0.06 0.048

:
0.04

:
0.117

:
0.09

:
VF 0.096

::
0.08 0.147

:
0.13

:
0.074

::
0.06 0.100

:
0.09

:
0.133

::
0.11 0.111

:
0.09

:
0.094

::
0.08 0.061

::
0.05 0.056

::
0.04 0.081

::
0.07 0.050

:
0.04

:
0.123

:
0.1

NV 0.106
::
0.09 0.165

:
0.16

:
0.081

::
0.07 0.111

:
0.1 0.147

::
0.14 0.124

:
0.12

:
0.103

::
0.09 0.066

::
0.06 0.060

::
0.05 0.088

::
0.08 0.054

:
0.05

:
0.137

:
0.13

:

Ub (%)

VFS-NV -9.155
:::
-16.07 -5.273

::
-9.41 -3.799

:::
-6.95 -5.756

:::
-10.17 -6.267

:::
-11.13 -7.559

:::
-13.35 -7.321

:::
-13.26 -7.176

:::
-13.35 -8.157

:::
-15.36 -11.509

::
-20.9 -11.494

::
-21.18

:
-14.632

::
-25.63

:
VF-NV -9.218

:::
-16.18 -10.524

::
-18.24

:
-8.713

:::
-15.37 -10.214

::
-17.69

:
-9.645

:::
-16.91 -10.437

::
-18.25

:
-8.582

:::
-15.45 -7.521

:::
-13.98 -6.597

:::
-12.5 -7.954

:::
-14.59 -7.408

:::
-13.84 -9.909

:::
-17.55

VFS-VF 0.070
::
0.13 5.869

:
10.8

:
5.383

::
9.96 4.965

:
9.13

:
3.213

::
6.95 3.213

:
6. 1.379

::
2.59 0.373

::
0.72 -1.671

:::
-3.27 -3.862

:::
-7.39 -4.413

::
-8.52 -5.242

::
-9.8

of both VFS and VF experiments focusing on the effect of seasonal variation of the canopy. On average, across the domain,

the mean monthly wave height varies
:::::
When

:::::::::
modulated

::
by

::::::::
seasonal

::::::
growth

:::::::
patterns

::::::
(VFS),

:::
the

::::
mean

::::::::
monthly

:::
Hs :::::

ranges
:
from360

0.2
::
m

:::::
(JUN)

:
to 0.6 m , attenuating from 3

::::::
(NOV),

::::
with

::::
wave

::::::::::
dissipation

::::
rates

::::::
varying

:::::
from

:
a
::::::::
minimum

:::
of

:
4% in December to

13
:
a
::::::::
maximum

:::
of

::
19% in Septemberacross all vegetated areas, with similar dissipation rates for UBR. The effect of seasonality

accounts for 10% of variation for both SWH and UBR (VFS – NV). Wave energy
:
,
:::::::::
accounting

:::
for

:::
the

:::::::
standard

::::::::
deviation

:::
of

:::
4%.

::
A

::::::
similar

::::::::
seasonal

::::::::
variability

::
is
::::::::
observed

:::
for

:::
Ub,

::::::::
although

:::::::::
dissipation

::::
rates

:::
are

:::::::
slightly

::::::
higher,

::::::
ranging

:::::
from

:::
6%

::
to

:::::
25%.

::
In

::::::::::
comparison,

:::
the

:::
VF

::::::::::
experiment

:::::::
exhibits

:::::
lower

::::::
annual

::::::::
variability

:::
of

:::
2%

::
in

:::::
wave

::::::::::
attenuation,

::::
with

:::::
values

:::::::
ranging

::::
from

::::
7%365

::
to

::::
14%

:::
for

:::
Hs :::

and
::::
from

::::
12%

:::
to

::::
18%

:::
for

:::
Ub.

:::::::::
Seasonality

::::::::
accounts

:::
for

::
an

:::::::::
additional

:::
5%

::::::::
variability

::
in
:::
Hs::::

and
:::
7%

::
in

:::
Ub :::::

(VFS
:
-

::::
VF),

::::
with

::::::::
maximum

::::::::
observed

:::::::::
differences

:::
of

:::
8%

:::
and

:::::
10%,

::::::::::
respectively.

:::::
Wave

:
damping efficiency varies by month, with lower

attenuation observed during the
:::::::::
seasonally,

::::
with

:::::::
reduced

:::::::::
attenuation

::::::
during

:
early stages of leaf growth (NOV –

:::::::::::
development

:::::
(NOV

:
- DEC), where

:::::
when the positive difference between VFS and VF is highest. A

::::
most

::::::::::
pronounced.

::::::::::
Conversely,

::
a negative

difference, indicating stronger wave attenuation , occurs
::::::
greater

:::::::::
attenuation

:::::
under

::::::::
seasonal

:::::::::
conditions,

::::::
occurs

:::::::
between

:::::
June370

:::
and

:::::::
October,

:
when leaf length exceeds the annual average set for

::
in the VF simulation(JUN–OCT).

However, this comparison does not
::::
fully capture the impact of specific phenotypic traits, their distinct growth patterns, or

wave-energy-dependent dissipation
::
P.

::::::::
oceanica

:::::::
meadows

::::::
across

:::::::
different

:::::::::
substrates

:::
on

:::::
wave

:::::::::
dissipation

::::
and

::::
their

::::::::
temporal

::::::
patterns. Therefore, we further analyze the substrate- and

:::::::::
investigate

:::
the

:::::::::::::::
substrate-specific

:::
and

::::::
spatial

::
(node-wiseimpact

:
)

:::::
effects

:
of the canopy on wave dynamics, accounting for seasonal variations

::::::::
behavior,

::::
with

::::::::
particular

:::::::::
emphasis

::
on

::::::::
seasonal375

::::::::
variability.

4.3.1 VFS vs. NV: Wave attenuation by PO
::
P.

:::::::
oceanica over different substrate types and SCIs

Figure 9 illustrates the cyclic, monthly mean reduction in SWH and UBR
::
Hs::::

and
:::
Ub throughout the year (Oct’

:
’16 – Nov’

:
-

::::
Nov’17), averaged across different phenotypic traits of PO

::
P.

:::::::
oceanica

::::
over

:::::::
different

::::::::
substrates

:
and SCIs, attributable to the

presence of flexible vegetation canopies with seasonal effect, given by the difference between VFS and NV configurations.380
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As stated earlier, the wave attenuation is a function of seagrass characteristics and wave energy. During the summer months,

the leaves undergo rapid growth due to calm seas, optimal weather and nutrient availability, reaching peak maturity in late

summer, followed by the arrival of high waves, which damage the canopies. The observed wave attenuation pattern aligns

with the seasonal growth trend shown in Figure 5. In winter, wave height attenuation is at its lowest, ranging from 2% –
:
- 9%

over all SCIs and 1% –
:
- 11% across various substrate types, with the strong variation between POs

:
P.

::::::::
oceanica over degraded385

matte and rocks; similarly for the bottom orbital velocities marking 3% –
:
-
:
8% and 1% –

:
-
:
14% of reduction respectively.

From spring through summer, the pattern remains consistent, with average wave reduction around 7% – -
:
9% for both SWH

and UBR
::
Hs:::

and
:::
Ub. This seasonal trend reflects high wave energy and shorter leaf lengths in spring, followed by lower wave

energy and developing leaves in summer. When leaf maturity peaks and high waves arrive in September, both factors contribute

to maximum wave damping, with reductions of 10% –
:
- 18% in SWH

::
Hs:

over SCIs and 9% – -
:
24% across substrates, and390

13% – -
:
20% and 11% –

:
- 29% in UBR

:::
Ub, respectively. PO

:
P.

::::::::
oceanica growing on sandy and rocky substrates demonstrates a

more pronounced impact on wave attenuation compared to degraded matte, which is characterized by lower shoot density and

leaf length of PO
:
P.
::::::::
oceanica.

:::::::
Notably,

:::
the

:::::
trends

:::::::::
associated

::::
with

:::::::
different

::::::::
substrate

:::::
types

::
do

:::
not

::::::
follow

:::
the

:::::::
expected

::::::::
seasonal

::::::
patterns

::
in
::::::

Figure
::
5,
::::::::::
suggesting

:::
that

::
P.

::::::::
oceanica

:::::::
meadows

:::
on

:::::
rocky

::::::::
substrates

::::::
exhibit

::::::
greater

:::::
wave

:::::::::
dissipation

::::::::
capacity

::::
than

::::
those

:::
on

:::::
sandy

:::::::::
substrates

::::::
during

:::::::
summer,

::::::
despite

:::
the

::::::::
observed

:::::::::
variations

::
in

:::
leaf

::::::
length

::::
and

:::::
shoot

::::::
density.

:::::
This

::::::::::
discrepancy395

:::
can

::
be

::::::::
attributed

::
to
:::
the

::::::
spatial

::::::::::
distribution

::
of

:::
the

:::::::::
meadows,

::
as

::::::::
illustrated

::
in
::::::
Figure

:::
4a,

::::::
where

::
P.

:::::::
oceanica

:::
over

:::::
sand

:
is
:::::::
located

:::::
farther

:::::
from

:::
the

::::
shore

:::::::::
compared

::
to

::::
those

:::
on

:::::
rocks.

:::::
Given

::::
that

:::::
wave

:::::::::
dissipation

::::
(Eq.

:::
2.3)

::
is

:
a
:::::::
function

:::
of

:::
the

::::
ratio

::
of

:::
leaf

::::::
length

::
to

::::
water

::::::
depth,

:::
this

::::::
spatial

:::::::::::
arrangement

::::::::
influences

:::::::::
dissipation

:::::::::
efficiency,

::
as

::::
also

:::::::::::
demonstrated

::
in

:::::
great

:::::
detail

::
by

:::
the

:::::::::
laboratory

::::::::::
experiments

::
of

:::::::::::::::::::::::
Anderson and Smith (2014)

:
.
:

4.3.2 VFS vs. VF: The contribution of seasonal variability of seagrass leaf length400

To isolate the seasonal impact of the vegetation model on wave energy dissipation
:::::::
damping, we compare the VFS and VF

experiments
::::::
accross

:::::::
different

:::::::::
substrates. Figure 10’s bar chart illustrates the percentage differences between the two simulations

considering the phenotypic traits of PO
:
P.
::::::::
oceanica. The seasonal pattern of seagrass growth results in

:::::::
Seasonal

:::::::::
variations

::
in

:::::::
seagrass

::::::
growth

::::
lead

::
to a positive difference , reflecting lower wave damping capacity during late autumn, winter, and spring,

and
:::::::
reflecting

:::::::
reduced

:::::
wave

:::::::::
attenuation

::::::::
capacity,

::::::::
followed

::
by

:
a shift to a negative difference in summer and early autumn,405

indicating higher wave damping capacity
:::::::
enhanced

:::::
wave

:::::::
damping

:::::::::
efficiency. The maximum seasonal variation reaches around

:::::::
monthly

::::::::
difference

::
is
::::::::
observed

::::
over

:::::
rocks,

::::::::
reaching 10% , 16%, and 20% over degraded matte, sand, and rocks, accordingly,

for both SWH and UBR. The average seasonal
:::
and

::::
13%

:::
for

:::
Hs:::

and
:::
Ub ::::::::::

respectively.
::::
The

:::::::
standard deviation across all substrates

is approximately
::::
over

:::::::
seasonal

:::::
cycle

::
is 5% (depicted in orange

:::
and

:::
7%

::::::::
(depicted

:::
by

:
a
:::::

solid
::::
line), as observed

::::
seen earlier in

Section 4.3. Overall, the deviation bars adhere to the seasonal
:::::::
seasonal

::::::
patterns

::::::::
conform

::
to

:::
the growth curves in Figure 5.410

4.3.3 VFS vs. NV: Seasonal wave attenuation maps

Figure 11 illustrates the node-wise SWH
:::
Hs attenuation capacity of vegetated areas , dependent on wave magnitude. Seasonal

reductions in SWH range
::::
along

::::
the

:::::::::::
Civitavecchia

:::::
coast

:::
by

::::::::::
quantifying

::::
the

::::
wave

::::::
height

:::::::::
reduction

::::::::::
attributable

::
to

:::::::
flexible
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Figure 9. Mean monthly SWH
::
Hs:

and UBR
::
Ub percentage reduction for

:
(VFS configuration

::::::::
experiment)

:
for the three different phenotypic

traits of P. oceanica (over rock
::::::
different

::::::::
substrates

:
(a,sand, degraded matte

:
b), and four SCIs

:
(c,

::
d), averaged across vegetated points in the

mask.
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Figure 10. Timeseries of mean monthly SWH
::
Hs:

and UBR
::
Ub:

percentage difference between VFS and VF simulations across substrate

types , averaged over
::::::::::::::::::::::::
((HV FS −HV F )/HV F × 100).

::::
Bars

::::::
indicate

:
the vegetation

::::::
average

::::::::
differences

::::
over

:::::::
vegetated

:
points per

::
for

::::
each

substratein
:
,
::::
while

:
the mask (bars) and over all substrates (orange solid

:::::
orange

:
line )

::::::::
represents

:::
the

:::::::
weighted

::::::
average

:::::
across

::
all

::::::::
vegetated

::::
areas

::
in

::
the

::::::
domain.

:::::::
canopies

::::
and

::::
their

::::::::
seasonal

::::::
growth

::::::::
patterns.

:::
The

:::::
wave

::::::
height

::::::::
reduction

::::::
ranges

:
from 20% to 40% in the SCI 1 and 2 re-

gions (north of Civitavecchia port) and from 10% to 30% in SCI 3 and 4. This discrepancy can be attributed to several factors,415

such as partial sheltering by S. Marinella headland (Section 4.1), seagrass distribution (Figure 4a), and lower wave damping

capacity of PO
:
P.
::::::::
oceanica over degraded matte (Section 4.3.1). SCI 2 exhibits the highest wave attenuation capacity, attributed

to its predominantly rocky substrate and direct wave exposure. Seasonally, peak wave attenuation occurs during the JAS period

(d), driven by intense storm events and the canopy reaching its maximum height. Lower values are observed in winter and

spring (a, b, c) due to the presence of predominately juvenile leaves.420

5 Discussion

As proposed by Luhar and Nepf (2011)
:::
and

::::::
further

::::::
refined

::
in
::::::::::::::::::::

Luhar and Nepf (2016)
:
, the flexibility effect was incorporated

into the source term of WW3 by replacing the vegetation leaf length with an effective length as a function of the bottom

orbital velocity. Due to the plant’s partial passive movement with the wave, this new configuration results in a reduced wave

height attenuation compared to that for a fully rigid blade of the same geometry (Lei and Nepf (2019)).
::::::
Similar

::
to

:::
the

:::::::
findings425

::
of

:::::::::::::::::
Beudin et al. (2017)

:
,
:::
we

::::::::
observed

:::
the

::::::
impact

:::
of

:::::::::
submerged

:::::::
seagrass

:::
on

:::::
wave

::::::::::::
characteristics

::
in
::::::

terms
::
of

:::::::
reduced

:::::
wave

::::::::
steepness

:::
and

::
a

:::::::
localized

::::::::
increase

::
in

:::::
mean

::::::::::
wavelength,

::::
with

:::
an

:::::::
example

::::::::::::
demonstrated

::::
over

:::
the

::::::::
vegetated

::::
area

::
in

:::::::::
Appendix

:::
B1.
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Figure 11. Maps (zoomed over the coastal area) of seasonal (OND, JFM, AMJ, JAS) mean SWH attenuation (VFS – -
:
NV).

To explore how incorporating flexibility can improve model performance and better simulate the effects of seagrass meadows

on wave attenuation, an idealized
:
a
:
test case was designed to replicate the experiment of Infantes et al. (2012) in the Balearic430

Islands, where wave parameters were measured for over a month within a PO
:
P.
::::::::
oceanica meadow with known shoot density

and leaf length. The model results demonstrated a markedly improved agreement with observed data, achieving wave damping

of up to 40-50% for peak energies, compared to the rigid vegetation experiment, which substantially overestimated it at around

80%. Additionally, the model produced a cross-shore variation of wave height that more accurately mimics the non-linear

::::::::
nonlinear characteristics inherent in the complex interaction between waves and a flexible canopy.435

At
:
In

::::::::::
application

::
to

:::
the

::::::::::::
Civitavecchia

::::
case

:::::
study,

:::
at seasonal scale, we observed a

::
an

:::::::::
additional

:
monthly wave damping

deviation of ±5
::::::::
variability

::
of

:::
up

::
to

:::
10%, averaged across PO

:
P.

::::::::
oceanica over different substrate types, attributed to the sea-

sonality effect in contrast to the flexible vegetation model alone. Reduced wave dissipation rates were observed until June,

when leaf lengths surpassed the annual averages established for each phenotypic trait in the non-seasonal experiment, VF, after

which wave damping increased toward the end of the seasonal cycle in September. Thus, the lack of seasonal variability in440

the model leads to a misrepresentation of seagrass wave damping efficacy, overestimating its impact in winter and spring, and

underestimating it in summer and autumn.
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From a spatial point of view, in terms of SCI sites, the model showed a wave damping of approximately 10% during

peak waves in March for SCI 2 on average. As both SCI 1 and SCI 2 are predominantly composed of rocky substrates and

are exposed to direct waves from the southwest, they experience a greater impact and, consequently, more significant wave445

reduction compared to SCI 3 and SCI 4. The maximum wave damping reached 16% - 18% on average in September over
:::
SCI

1 st and
:::
and

::::
SCI 2nd sites, and 10% - 12% over

:::
SCI 3 rd and 4th sites.

:::
and

::::
SCI

::
4.

:
The seasonal effect did not show a linear

correlation with the monthly average wave reduction across SCIs when compared to non-vegetated simulations
::::::::
simulation. This

aligns with the vegetation model, where wave dissipation is closely related to both wave energy levels and leaf length. Similarly,

we observed consistent results in the analysis of wave damping across various substrate types, with peak SWH reductions of450

24%, 22%, and 9% for PO
::
P.

:::::::
oceanica traits over rock, sand, and degraded matte, respectively. It’

:
’s noteworthy that SCI 4,

characterized by a higher concentration of degraded matte, exhibited a lower wave attenuation capacity of maximum 10%.

This research provides a comprehensive analysis of the impact of submerged vegetation on wave propagation in the nearshore

zone, aimed at evaluating the role of seagrass as a Nature-Based Solution (( Pillai et al. (2022) ); Jacob et al. (2023) ; Unguendoli et al. (2023)

). Additionally, it seeks to enhance the management of Sites of Community Importance (SCIs) by providing insights into wave455

dynamics to identify optimal areas for restoration activities ( Rifai et al. (2023) ; Pansini et al. (2022) ; Chen et al. (2024) ),

thereby maximizing the ecological benefits of such interventions. Among marine phanerogams, PO has a high capacity for

wave attenuation as it forms extensive and dense meadows in coastal areas, with leaves that frequently exceed one meter in

length Koftis et al. (2013) . Due to changing wave energies, PO meadows bend and straighten, causing varying shear stresses

depending on wave orbital velocities. This dynamic interaction reduces shear stresses and leads to a lower wave damping effect,460

which was accurately replicated with the flexible vegetation model ( Luhar and Nepf (2011) ).

It is important to note that the seasonality effect is applied to the Civitavecchia site with coefficients empirically derived

from site measurements. Consequently, this approach relies on fitted growth curves known for the site of interest, although it

can be adapted for use in other areas, provided that the observational data are available. Here, however, the development was

specifically tailored to accurately estimate the dynamics of the Civitavecchia coastal region. Seasonal variation was primarily465

tracked by monitoring the extension of leaf length over time, without considering the decline in size, coverage, and shoot

density in recent decades (Marbà et al. (2014); Telesca et al. (2015)) due to a combination of anthropogenic impacts (i.e., boat

anchoring, siltation, etc.) and climate change (i.e., introduction of exotic species, the rise of sea surface temperature, and the

intensification of wave energy along the coastal zone). In this context, the application
:::
The

::::::::::::
measurements

::::
used

::
to
:::::::::
reproduce

:::
the

:::::::
behavior

::
of

::
P.

::::::::
oceanica

::::
were

::::::::
obtained

:::::::
through

:::::::::
point-based

::::::
scuba

:::::
diving

:::::::::::
observations,

::::::
which

:::
are

::::::::
inherently

:::::::::::
non-synoptic

::::
and470

:::::::
spatially

::::::::::::
heterogeneous.

::::::::::::::
High-resolution

:::::
spatial

::::
and

:::::::
temporal

::::::
studies

::::::::
typically

::::::
require

::::::::
extensive

::
in

::::
situ

:::
data

:::::::::
collection,

::::::
which

:
is
:::::

both
:::::
costly

::::
and

::::::::::::::
time-consuming.

:::::::::
Therefore,

:::
the

::::::::
adoption of innovative monitoring techniques, including the use of

::::
such

::
as autonomous vehicles (e.g., Unmanned Surface Vehicles -

:
–
:
USVs) equipped with acoustic instrumentation

:::::::
sensors,

:::::
could

::::::::::
significantly

:::::::
enhance

::::
both

::::
data

:::::::
coverage

::::
and

:::::::::
synopticity.

::::::
These

::::::
systems

:::
are

:
capable of measuring the

:::::::
seagrass height and cov-

erage of marine vegetation, would be highly beneficial. These techniques can increase the spatial and temporal coverage of data,475

provide information on plant characteristics up to a few meters from the shore, and detect seagrass canopy coverage and height

changes following significant
::
in

:::::::
shallow

::::::
coastal

:::::
areas

:::
that

:::
are

:::::::::::
inaccessible

::
to

:::::::::
traditional

:::::::::::
hydrographic

:::::::::
platforms,

:::::
while

::::
also
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:::::::
detecting

:::::::
canopy

::::::::
variations

:::::::
induced

::
by

:
extreme events (Piazzolla et al. (2024)). Such events can potentially damage vegetation

canopies, leading to the temporary absence of seagrass meadows (Oprandi et al. (2020)), thereby reducing the wave attenuation

effect. This feedback loop from the wave model to the vegetation dynamics was not incorporated into our model. Furthermore,480

the sole use of
::::::
Another

:::::::::
important

:::::::::::
consideration

::
is
::::
that

::::::
relying

::::::
solely

::
on

:
a wave modelwithout considering hydrodynamics

means that relying only on near-bed orbital velocities does not account for the shear stresses induced on the vegetation canopyby

currents. To make the growth model of PO applicable to other coastal areas of the Mediterranean Sea, future evaluations will

consider deterministic ( Zupo et al. (1997) ; Elkalay et al. (2003) ) and statistical approaches ( Catucci and Scardi (2020) )
:
,

::::::
without

::::::::::::
incorporating

:::::::::
circulation

::::::::
dynamics

::
of

:::
the

::::::
region

::::::::
discussed

:::
in

::::::
Section

::::
4.2,

::::::::
overlooks

:::
the

::::::::::::::
current-induced

:::::::::
turbulence485

:::
that

:::::::
develops

::::::
above

:::
the

:::::::
seagrass

::::::
canopy,

::
as

::::::::::
investigated

:::
by

::::::::::::::::
Vettori et al. (2025)

:
.
:::::::::::::::::::::::::::

Beth Schaefer and Nepf (2022)
::::::
showed

::::
that

::::::
currents

::::
can

:::::
either

:::::::
amplify

::
or

:::::::
diminish

::::::::::::::::
vegetation-induced

:::::
wave

:::::::
damping

:::::::::
depending

::
on

:::::
wave

:::::::::
conditions,

::::
and

:::
the

::::::::
inclusion

::
of

:::
this

:::::::::
interaction

:::::
would

::::::::
represent

::
a

:::::::
valuable

:::::::::::
enhancement

::
to

:::
the

::::::
present

:::::
study.

6 Conclusion

This research provides
:::::::
presents a comprehensive analysis of the impact of submerged vegetation on wave propagation

:::::::::
attenuation490

in the nearshore zone, aimed at evaluating the role of seagrass as a NBS ( Pillai et al. (2022) ;
:
.
::::::::
Focusing

::
on

:::
the

::::::::::::
Civitavecchia

:::::::
coastline

::
it

:::::::
explores

:::
the

:::::::::::
effectiveness

::
of

:::::::
seagrass

::::::::
meadows

::
as

::
a

::::::
natural

::::::
coastal

::::::
defense

:::::::
system,

::
as

:::::::::
evidenced

::
in

::::::
several

::::::
studies

:
(Jacob et al. (2023); Unguendoli et al. (2023)). Additionally, it seeks to enhance the management of Sites of Community

Importance by providing insights into wave dynamics to identify optimal areas for restoration activities ( Rifai et al. (2023) ;

Pansini et al. (2022) ; Chen et al. (2024) ), thereby maximizing the ecological benefits of such interventions.
:::
The

:::::::::
abundance495

::
of

:::::::::::
observational

::::
data

:::::
from

::
in

:::
situ

:::::::::
campaigns

:::::::
allowed

:::
us

::
to

::::::::::
incorporate

:::
the

::::::::::::
measurements

::::
into

:
a
:::::::::
numerical

:::::
wave

:::::
model

::::
and

::::::::::
characterize

:::
the

::::::
varying

::::::::::
attenuation

::::::
induced

:::
by

:::
the

::::::
natural

:::::::
seasonal

:::::
cycle

::
of

::
P.

::::::::
oceanica

::::::::
meadows.

:

Among marine phanerogams, P. oceanica has a high capacity for wave attenuation as it forms extensive and dense meadows

in coastal areas, with leaves that frequently exceed one meter in length Koftis et al. (2013)
::::::::::::::::
( Koftis et al. (2013)

::
).
::::

Due
:::

to

:::::::
changing

:::::
wave

::::::::
energies,

::
P.

:::::::
oceanica

:::::::
meadows

:::::
bend

:::
and

:::::::::
straighten,

:::::::
causing

::::::
varying

:::::
shear

:::::::
stresses

:::::::::
depending

::
on

:::::
wave

::::::
orbital500

::::::::
velocities,

::::::::
reducing

:::::
shear

::::::
stresses

::::
and

::::::
leading

::
to
::
a
:::::
lower

:::::
wave

:::::::
damping

::::::
effect,

:::::
which

::::
was

:::::::::
accurately

::::::::
replicated

:::
in

:::
this

:::::
work

::::
with

::
the

:::::::
flexible

:::::::::
vegetation

:::::
model

:::::::
adapted

::::
from

::::::::::::::::::::
Luhar and Nepf (2011)

::::
and

:::::::::::::::::::
Luhar and Nepf (2016)

:
.

The vegetation representation in the WW3 model was enhanced through the incorporation of flexibility and seasonal

variability using high-resolution in-situ measurements, effectively leveraging the synergy between numerical models and

observational data. The model was calibrated and validated using a rigorously measured idealized test case. These developments505

have led to an improved accuracy of the numerical modeling framework, which is one of the factors of the Coastal Ocean Digital

Twin ( Pillai et al. (2022) ) along with the coupling of different components (e.g., circulation and sediments) and the ability to

reproduce various scenarios.

We evaluated PO’s ability to attenuate waves in the Civitavecchia coastal zone, where conflicts between the expansion of the

Port of Civitavecchia and the sustainable management of SCIs are addressed by the RENOVATE project ( Marcelli et al. (2023)510
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). This project aims to resolve these conflicts by using a model-based approach to enhance the effectiveness of mitigation and

compensation measures.

The study considered seasonal variation of plant characteristics , and three substrates which induced in PO different phenotypic

traits. It is important to emphasize that the vegetation-induced
::
for

:::::
three

:::::::
different

::::::
groups

:::
of

::
P.

::::::::
oceanica,

::::::::
identified

:::::::::
according

::
to

::::
their

:::::::::
phenotypic

:::::
traits,

::::::
which

::
are

:::::::
induced

:::
by

:::
the

:::::::::
underlying

:::::::
substrate

:::::
type.

::::::::::
Importantly,

:::
the

:
wave damping effects analyzed515

here were based solely on these varying traits and not on the dissipation properties of the different substrates. Therefore
::::
Thus,

our findings offer an
::::::
provide initial insight into the potential range of variability in

:::::::::
variability

::
of

:
vegetation-induced wave

damping within a specific area, depending on the particular characteristicsof the plants. Future studies will consider the different

traits on various substrates, as well as the effects of vegetation seasonal variations.
::::::::
attenuation

::::::
within

::
a

:::::
given

::::
area,

:::::
based

:::
on

::::::::::::::
meadow-specific

::::::::::::
characteristics.520

The findings deliver essential guidance for local coastal management at SCIs, particularly in refining PO restoration strategies

to strengthen coastal protection and conservation efforts. Despite these advancements,
::::::::
extending

:::
the

:::::::::::
applicability

::
of

::::
the

::
P.

:::::::
oceanica

::::::
growth

:::::
model

:::::::
beyond

:::
the

::::::
present

::::
case

:::::
study

::::
will

:::::::
require further investigation into the seasonal variations of sea-

grassis needed, with particular attention to abiotic factors such as irradiance, temperature , sediment characteristics, and

nutrient availability, to better simulate the health status of PO . This approach will enable a comprehensive evaluation of how525

environmental conditionsinfluence vegetation dynamics and their interaction with waves. Future research should prioritize

the development of a feedback mechanism between the wave model and vegetation to facilitate restoration planning in areas

with conditions conducive to seagrass growth and survival.
::::
with

::
a

::::
focus

:::
on

:::::::::::
incorporating

:::::::
abiotic

::::::
factors

:::
that

::::::::
influence

:::::
plant

:::::::::
population

::::::::
dynamics,

::::
such

::
as

::::::::::
temperature

:::
and

:::::::::
irradiance

::::::::::::::::
( Zupo et al. (1997)

:
),
::
as

::::
well

::
as

:::::::
nutrient

:::::::::
availability

::::::::::::::::::
( Elkalay et al. (2003)

:
).
::::::::::::
Alternatively,

::::::::
statistical

:::::::::
approaches

:::::::::::::::::::::::
( Catucci and Scardi (2020)

:
)
:::::
could

:::
be

::::::::
employed

::
to

:::::
adapt

:::
the

::::::
model

::
to

:::::::
varying

::::::
marine530

:::::::::
conditions,

::::::::::
site-specific

::::::::::::
characteristics,

::::
and

:::
the

:::::::::
availability

::
of

:::::::::::
observational

:::::
data.

:::
We

:::::::::
underscore

:::
the

:::::::::
limitations

::
of

::::::
relying

:::::
solely

::
on

:
a
:::::::::::
wave-driven

:::::
model

::
to

:::::
assess

:::::::::::::::
seagrass-mediated

::::::::::::
hydrodynamic

:::::::::
processes.

:::::
While

:::
the

::::::
current

:::::::::
framework

::::::::
captures

::::
wave

::::::::::
attenuation

:::::::
patterns,

::
it
:::::::
neglects

:::
the

::::::::
interplay

:::::::
between

:::::::
currents

::::
and

::::::::
vegetation

:::
as

::::::::
discussed

::::::
earlier,

::::::::
therefore

:::::
future

:::::
work

::::
must

::::::::
explicitly

::::::
couple

:::::
waves

:::::
with

:::
the

:::::::::
circulation

:::::
model

::
to

:::::::
resolve

::::
these

:::::::::::
interactions.

::
As

::::::::::::
demonstrated

::
by

:::::::::::::::::::::
Gacia and Duarte (2001)

:
,
::::::::
seagrass

::::::::
meadows,

:::
by

:::::::
trapping

:::::::::
sediments,

:::::::
enhance

::::::::
sediment

:::::::::
deposition

::::
and535

:::::
reduce

:::::::::::
resuspension

:::::::
through

::::
flow

::::::::::
attenuation,

:::::::::
stabilizing

:::
the

::::::
seabed

:::
and

:::::::::
promoting

:::::::
canopy

::::::::::
persistence.

:::::::::
Integrating

::::::::
sediment

:::::::
transport

::::::::
processes

::::
into

::::
such

::::::
coupled

::::::::::
frameworks

::
is

:::::::
essential

::
to

:::::::
unravel

:::
how

:::::::::::::::::
sediment-vegetation

::::::::::
interactions

:::::
govern

:::::::::
long-term

:::::::
seagrass

::::::::
resilience.

:
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Appendix A

A1540

Numerical propagation for the unstructured triangular grid was set to CRD-N-scheme (Ricchiuto et al. (2005)) and the spectral

propagation part is solved with simple implicit 1st order upwind schemes. The linear input source term was activated for

initial wave growth and consistent model spin-up, as described by Cavaleri and Rizzoli (1981), with the filter function to limit

the effect of low-frequency energies at initial growth (Tolman (1992)). Sink terms due to negative wind input, whitecapping

dissipation, and wave-turbulence interactions, as defined by Ardhuin et al. (2009), were also included. Nonlinear wave-wave545

interactions were modelled using the Discrete Interaction Approximation (DIA) (Hasselmann and Hasselmann (1985). For the

bottom friction the simple linear JONSWAP parametrization derived by Hasselmann et al. (1973) was used. As a function

of bottom topography, waves exceeding a threshold height, determined by a statistical description of surf-zone wave heights,

were set to break and dissipate energy following the approach of Battjes and Janssen (1978). Triad nonlinear interactions were

resolved using the LTA model of Eldeberky and Battjes (1996). Wind stresses were computed according to Donelan et al.550

(2012), while the wind field was interpolated linearly in time and space. Shoreline reflection was activated. Flexible vegetation

(Eq. 2.4) was incorporated into the bottom friction definition, also introducing the seasonal variations where leaves grow

and undergo a gradual shortening and fading process over the year as depicted in the following section
:::::::
undergo

::::::
growth

::::
and

:::::::::
regression,

::::
with

:::::::::
elongation

:::::
during

::::::::
favorable

:::::::::
conditions

::::
and

::::::::
shortening

::::
due

::
to

::::::
natural

:::::::::
senescence

::::
and

::::::::::::
environmental

::::::
factors

::
as

:::::
shown

::
in

::::::
Figure

::
5. The initial leaf parameters were encoded, and a mask file was used to mark vegetation distribution and a555

substrate type at each location.

A2

:::::
Table

:::
A1

:::::::
presents

:::
the

::::::::::
coefficients

:::::
used

::
to

::::::::
construct

:::
the

::::::
growth

::::::
curves

::::::
shown

::
in

::::::
Figure

::
5.

::::
The

::::::
growth

::::::
curves

:::
are

::::::::
modeled

::::
using

:::
the

:::::::::
following

:::
fifth

:::::
order

::::::::::
polynomial,

::::::
similar

::
to
::::::::::

Ott (1980):
:::::::::::::::::::::::::::::::::::::::::
l = lv +α1 · t+α2 · t2 +α3 · t3 +α4 · t4 +α5 · t5,

::::::
where

::
lv

::::::::
represents

:::
the

:::::
initial

::::
leaf

:::::
length

::
at

:::
the

::::
start

::
of

:::
the

:::::::::
simulation

::
in

:::::::
October,

::
t
::::::
denotes

:::
the

:::
day

:::
of

:::
the

::::
year,

:::
and

:
l
::
is
:::
the

:::::::
adjusted

::::
leaf560

::::::
length,

::::::::::
accounting

:::
for

:::::::
seasonal

:::::::::
variations.

Table A1. Growth curves coefficients for the considered P. oceanica traits in the study.

Curves substrates α1 α2 α3 α4 α5 lv

rock −1.61 2.39× 10−2 −1.55× 10−4 4.71× 10−7 −5.25× 10−10 47.51

sand −7.43 9.50× 10−3 −7.11× 10−5 2.65× 10−7 −3.45× 10−10 46.30

degraded matte −1.98 3.33× 10−2 −2.26× 10−4 6.82× 10−7 −7.43× 10−10 41.23
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Appendix B

B1

:::
The

::::::::
following

::::::
Figure

:::
B1

::::::::
illustrates

:::
the

:::::
impact

::
of

:::::::::
vegetation

::
on

:::::
wave

::::::::::::
characteristics.

:::::::
Similar

:
to
:::
the

:::::::::::
observations

::
of

:::::::::::::::::
Beudin et al. (2017)

:
,
::
we

::::
note

:::
the

::::::::
reduction

::
in

:::::
wave

::::::::
steepness

::::::
toward

:::
the

::::
shore

:::
as

:::::
waves

::::::
interact

:::::
with

:::::::
seagrass

:::::::
patches.

::::
This

::::::::
reduction

:::::
results

:::::
from565

:
a
::::::::::
combination

:::
of

::::
wave

::::::
height

:::::::
damping

::::
and

:
a
::::::::
localized

:::::::
increase

::
in

::::::::::
wavelength.

Figure B1.
::
The

::::::
impact

::
of

::::::::
vegetation

::
on

::::
wave

:::::::::::
characteristics.

:::
(a)

:::::::
Transect

:::
line

::
at

:::
SCI

:
2
::::
site,

:::
near

:::
P05

::::::::
sampling

:::::
station;

:::
(b)

::::
Wave
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