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A B S T R A C T

Wave farms are increasingly proposed for hybrid coastal infrastructure, offering both renewable energy gener
ation and shoreline protection. However, their potential to enable ecological restoration, particularly for 
mangrove restoration, remains underexplored. This study presents a novel framework for evaluating how wave 
farms can precondition coastal zones for mangrove restoration by attenuating wave energy, reducing erosion, 
and expanding areas of hydrodynamic suitability. Using a schematized coupled depth averaged (2DH) hydro
dynamic, spectral wave and morphodynamic model in Delft3D, six wave farm configurations were tested under 
idealized conditions to quantify wave attenuation, sediment retention, and habitat suitability. Mangrove sur
vivability was assessed through a novel drag-based (Type II) erosion-adjusted uprooting threshold. K-means 
clustering was applied to field-collected morphological traits to define three distinct seedling groups, enabling 
species-specific resistance modelling based on frontal area and anchorage. The results show that array layout 
strongly influences ecological and engineering performance. Some configurations enhanced erosion reduction 
and created more contiguous planting zones while others expanded the total area suitable for restoration. The 
proposed framework identifies zones preconditioned for restoration, which can be made viable for planting 
through interventions such as mud nourishment or raised platforms. This study provides a transferable meth
odology to support hybrid infrastructure design for climate resilience, ecosystem recovery, and local socioeco
nomic benefit.

1. Introduction

Traditional coastal protection strategies such as seawalls, re
vetments, and breakwaters have long been used to defend coastlines 
from coastal hazards such as erosion and flooding. However, these hard- 
engineering approaches can be ecologically disruptive, expensive to 
maintain, and maladaptive in the face of climate change and sea level 
rise [1–4]. In response, there is growing interest in Nature-Based Solu
tions (NbS) and Eco-Engineering; strategies that leverage the adaptive 
capacity of natural ecosystems to reduce coastal hazards while deliv
ering essential ecosystem services and co-benefits such as habitat 
restoration and carbon sequestration [3–5].

Among NbS, mangroves are particularly valuable due to their ability 
to attenuate wave energy, reduce current velocities, trap sediments, and 
stabilize intertidal substrates [6–9]. Multiple field and modelling studies 
have shown that even narrow mangrove belts can significantly reduce 

wave height and storm surges [10–14]. However, despite their promise, 
mangrove restoration projects often suffer from low survival and 
establishment rates, particularly in high-energy environments. This is 
often due to excessive hydrodynamic forces that exceed the mechanical 
anchorage capacity of young seedlings, leading to uprooting or burial 
before the root system can establish [15–20].

To address this, hybrid solutions have been proposed that combine 
nature-based elements like mangroves with engineered structures such 
as submerged breakwaters, permeable dams and bamboo fences among 
others [21–24]. These structures aim to reduce incoming wave energy to 
tolerable levels and promote sediment deposition in front of the 
mangrove planting zone [16,21,22,24–26]. While this approach has 
shown promise in improving seedling survival, it presents several limi
tations: breakwaters are costly to construct, rigid in design, and difficult 
to relocate, potentially restricting the natural seaward migration of 
mangrove forests resulting in coastal squeeze [27]. These structures are 
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typically single-purpose and non-adaptive and may become increasingly 
ineffective under scenarios of progressive sea level rise. Moreover, 
generating spatial planting suitability maps remains challenging 
because field-based morphological proxies for anchorage are difficult to 
generalize, owing to variability in root development and the practical 
limitations of measuring subsurface traits non-destructively.

An emerging opportunity lies in the dual use of Wave Energy Con
verters (WECs) and wave farms to support the development and growth 
of mangrove seedlings while providing renewable energy. Wave energy 
is increasingly being recognized as a promising renewable resource that 
can help meet growing global energy demands while supporting carbon 
neutral power generation [28–33]. The dual use of WECs and wave 
farms has been proposed as a solution to reduce the high Levelized Cost 
of Electricity (LCoE) as well as provide renewable energy and coastal 
protection [32,34–37] Wave farms have proven to be able to reduce 
wave heights by 10% to 50% and erosion by 15% to 45%, depending on 
factors such as location and wave conditions, WEC array layout, device 
spacing and distance from the shore [32,34,38–43]. To the authors’ 
knowledge, such a hybrid approach combining ecological restoration 
with technological infrastructure such as WECs has not yet been pro
posed in the scientific literature, despite its potential relevance to 
remote, energy-poor, erosion-prone, and vulnerable coastal regions.

This study addresses this gap by integrating numerical modelling 
with a data-driven anchorage framework to evaluate the spatial sur
vivability of mangrove seedlings under different wave farm scenarios. 
The anchorage data from Kibler et al. [18], comprising over 180 
mangrove seedlings with measured morphological traits and pull-out 
resistance was incorporated. Using K-means clustering, seedlings are 
grouped into morphological classes, each assigned a group-specific 
resistance threshold. A schematized, coupled depth-averaged (2DH) 
hydrodynamic, spectral wave, and morphodynamic model is imple
mented in Delft3D, using simplified bathymetry and idealized forcing 
conditions to represent an idealized wave-exposed fine-grained coastal 
restoration frontage for testing WEC-assisted hydrodynamic pre
conditioning under controlled conditions. Model parameters reflect 
typical environmental ranges observed in restoration sites, including 
wave heights, sediment characteristics, and water depths. The 
group-specific thresholds are then combined with erosion and drag force 
outputs from Delft3D to generate spatially explicit maps of seedling 
survivability under both baseline and WEC-deployed scenarios.

Although the modelled suitability zones in this study fall deeper than 
the intertidal elevations typically required for mangrove establishment, 
similar conditions have been successfully converted into restoration- 
ready land using sedimentation-enhancing strategies (SES). A recent 
global synthesis by Cox et al. [44] found that SES such as tidal flooding, 
sediment diversions, and permeable sedimentation structures have 
effectively raised bed elevations in deltas worldwide by 1–2 m. Notably, 
these strategies often target low-lying or submerged areas and rely on 
calm hydrodynamic conditions to allow sediment deposition. In this 
study, the WECs serve as wave-attenuating structures that create such 
calm zones, preconditioning deeper areas for restoration. These zones 
could then be elevated through site preparation interventions such as 
mud nourishment or passive sediment accumulation, consistent with 
SES frameworks documented in field-scale delta restoration projects 
[44].

By linking device layout to ecological outcomes, this study offers a 
novel hybrid nature-technology framework for enhancing coastal resil
ience while supporting local restoration efforts and renewable energy 
generation. From a climate resilient coastal engineering perspective, the 
integration of wave farms with mangrove ecosystem restoration repre
sents a potential pathway toward multifunctional coastal infrastructure. 
Unlike conventional hard structures that primarily provide static pro
tection, wave farms can be configured to modify hydrodynamic and 
morphodynamic processes while also supporting renewable energy 
generation. When combined with mangrove restoration, these hydro
dynamic and morphodynamic effects may help create more stable 

preconditioning zones where wave forcing and erosion are reduced 
before planting or sediment-enhancement interventions are imple
mented. Such hybrid systems are particularly relevant under climate 
change and sea level rise pressures, where coastal protection strategies 
must increasingly combine engineering performance, ecological recov
ery, adaptability, and socioeconomic co-benefits. In this context, the 
present study evaluates how WEC array layout influences hydro- 
morphodynamic interactions and seedling survivability thresholds, 
providing an exploratory framework for climate-resilient coastal design.

The specific objectives of this study are: (i) to use published 
morphological and anchorage data to classify seedlings into morpho
logical groups and assign rooting depth and resistance thresholds; (ii) to 
model wave attenuation and sediment dynamics under varying WEC 
configurations using Delft3D; (iii) to develop an erosion-adjusted 
anchorage model that incorporates rooting depth loss and wave drag; 
and (iv) to generate spatial habitat suitability maps for different seedling 
types under baseline and wave farm conditions.

The remainder of this paper is structured as follows: Section 2 de
scribes the data source, classification methodology, and Delft3D model 
setup. Section 3 presents the anchorage grouping results, wave attenu
ation outputs, and habitat suitability maps. Section 4 discusses the im
plications and limitations of the hybrid wave farm–mangrove 
framework. Section 5 concludes with recommendations for future ap
plications and research.

2. Methods

2.1. Data source and study species

In the field study, 182 seedlings (95 R. mangle, 87 A. germinans) were 
collected from mangrove forests at two estuarine sites in Florida: De Soto 
National Memorial (DESOTO) and Canaveral National Seashore 
(CANA). For the purposes of this study, only the 87 seedlings from the 
DESOTO site were used. The DESOTO field sites were characterized by 
organic-rich mangrove substrates, with organic matter content ranging 
from 10.4% to 56.4% and median grain sizes (D50) ranging from 0.22 to 
0.46 mm, corresponding primarily to fine-to medium-sand-sized mate
rial. Although these sediments are sand-sized based on median grain 
diameter, the high organic content, vegetation cover, and root-sediment 
interactions may contribute to cohesive-like or bio stabilized behaviour. 
In the present study, these sediment characteristics are reported as 
contextual information for the biological anchorage dataset and were 
not used to parameterize the Delft3D sediment model. Each seedling 
underwent lateral pull testing in situ, and the following morphological 
traits were recorded: aboveground biomass (AGB), belowground 
biomass (BGB), seedling height, basal diameter, number of leaves, and 
shoot frontal area. However, root length was not measured in the field. 
Additional site variables included groundcover vegetation density and 
canopy closure, which were measured using standard ecological field 
methods.

In the laboratory experiments, 180 propagules (90 per species) were 
grown for in controlled conditions using two artificial sediment types: 
one with whole oyster shells and one with crushed shells, both mixed 
with 50% commercial sand (no organic content). After growth, seedlings 
were uprooted using the same lateral pull methodology, and above
ground biomass, belowground biomass and root length were measured. 
This allowed for direct estimation of rooting depth, which was not 
available from the field dataset.

To ensure that model inputs reflected real-world resistance in 
cohesive substrates, only field-derived anchorage force values from the 
DESOTO site were used in the erosion-adjusted anchorage model. 
However, because the field dataset lacked root length measurements, 
rooting depth values were inferred from the lab-grown seedlings, which 
were grouped using the same morphology-based clustering approach 
(described in Section 2.2). Representative root lengths from each lab- 
based morphological group were then assigned to the corresponding 
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field-based groups. This approach allowed us to define morphology- 
specific survivability thresholds that integrate field-based resistance 
with realistic rooting depth estimates, enabling spatial assessment of 
seedling stability across different hydrodynamic scenarios in the model 
domain.

The anchorage resistance values used in this study represent field- 
derived plant–substrate resistance of naturally established mangrove 
seedlings under the conditions measured by Kibler et al. [18]. They 
should not be interpreted as sediment-specific resistance values for a 
purely muddy substrate. Although Kibler et al. [18] did not detect a 
strong sediment-texture effect on anchoring force for field seedlings 
older than three months, anchorage resistance may vary with substrate 
type, consolidation, organic content, root architecture, and surrounding 
vegetation. Therefore, the values used here are interpreted as first-order 
morphology-specific anchorage thresholds for framework development, 
rather than site-calibrated resistance values for all muddy restoration 
environments.

It is important to note that the Florida mangrove dataset was not 
used to define the numerical model bathymetry, wave climate, or sedi
ment forcing. Instead, the dataset was used only to parameterize the 
biological component of the framework, namely morphology-specific 
anchorage resistance, shoot frontal area, and estimated rooting depth. 
The Delft3D model was, therefore, not intended to reproduce the DES
OTO or CANA sites. Rather, the biological thresholds derived from the 
mangrove seedling data were coupled with an idealized hydro- 
morphodynamic model to demonstrate how WEC-induced changes in 
wave forcing and erosion could be translated into spatial survivability 
indicators.

2.2. Morphology-based grouping of seedlings

To classify seedlings into morphology groups for spatial survivability 
analysis, a K-means clustering algorithm was applied to data collected 
from the field site. The objective of the clustering was to identify func
tionally distinct seedling types with different aboveground morphol
ogies and anchorage resistance thresholds, which could be used to map 
survivability across the model domain.

Seedlings were grouped into three morphology classes using K- 
means clustering based on AGB and BGB. These two traits were selected 
as integrative indicators of seedling maturity and anchorage potential. 
AGB reflects the overall shoot development and wave drag exposure, 
while BGB correlates with root system size and mechanical resistance. 
Prior to clustering, values were standardized using z-score normaliza
tion, and cluster labels were reordered by ascending mean AGB to define 
small, medium, and large morphology groups: 

z=
x − μ

σ (1) 

where x is the raw value, μ is the sample mean, and σ is the standard 
deviation.

2.2.1. Morphology-based grouping using K-means clustering
K-means clustering was implemented using the scikit-learn Python 

package. The number of clusters was set to three, representing “small,” 
“medium,” and “large” morphological groups. This choice was guided 
by visual inspection of trait distributions, ecological interpretability, 
and the elbow method. Each seedling was assigned to a morphology 
group, and group-level means were calculated for shoot traits and 
anchorage resistance, FR (N).

Because the dataset did not include root length, rooting depth esti
mates were assigned to each morphology group based on corresponding 
cluster results from the lab dataset, where the longest root length was 
available. This allowed the rooting depth (z0), to be approximated as an 
erosion threshold for each group, which was then integrated into the 
erosion-adjusted anchorage framework. Field-measured resistance 
values were paired with morphology-specific rooting depth estimates to 

evaluate where seedlings would survive or fail across the model domain, 
both with and without WEC array deployment.

2.3. Process-based numerical modelling

2.3.1. Model description
A process-based, depth-averaged (2DH) numerical model was 

developed using Delft3D to simulate coupled hydrodynamics, spectral 
wave transformation, sediment transport, and long-term morphody
namics of an idealized model domain. The model consists of three 
dynamically linked components: Delft3D-FLOW (hydrodynamics), 
Delft3D-WAVE, which is based on SWAN (Simulating WAves Near
shore), and the Morphology module.

An online coupling was implemented between Delft-FLOW and Delft- 
WAVE, enabling two-way interaction at each computational timestep. 
The wave module simulates the propagation of random, short-crested 
wind waves in coastal areas, accounting for depth-induced breaking, 
bottom friction, and wave–current interaction. Radiation stress gradi
ents computed in the wave module are passed to the hydrodynamic 
model to influence flow patterns and sediment mobility. Conversely, 
time-varying water levels and flow velocities from the FLOW module are 
used to update wave propagation and energy dissipation in Delft-WAVE. 
The Morphology module was activated to simulate bathymetric changes 
driven by both wave- and current-induced sediment transport.

2.3.1.1. Hydrodynamic model. The hydrodynamic model, Delft3D- 
FLOW, solves the unsteady Shallow Water Equations (SWE), which 
include the horizontal momentum and continuity equations, using a 
finite difference scheme on a structured grid [45]. These equations 
describe conservation of mass and momentum under the hydrostatic and 
depth-averaged assumptions and are the standard governing equations 
implemented in Delft3D-FLOW for two-dimensional coastal and 
shallow-water applications. The model is forced at open boundaries by 
tidal and meteorological inputs and is widely used to simulate flow 
dynamics in coastal and shallow marine environments. It computes 
depth-averaged flow velocities and water level variations in response to 
tidal forcing, pressure gradients, and bed friction. Delft3D-FLOW is 
particularly well suited for resolving nearshore current patterns that 
influence sediment transport, and in this study, it provides the hydro
dynamic foundation for the coupled modelling of long-term morpho
dynamic change.

2.3.1.2. Spectral wave model. The spectral wave module, Delft3D- 
WAVE, is based on the SWAN model, which solves the spectral action 
balance equation (Equation (2)) to simulate the propagation and 
transformation of random, short-crested wind waves in coastal and 
nearshore environments. It accounts for processes including wave gen
eration by wind, whitecapping, depth-induced breaking, bottom fric
tion, shoaling, refraction, and nonlinear wave–wave interactions. 

∂N
∂t

+∇ x→ ⋅
[(

cg
→

+ u→∇
)
N
]
+

∂cσN
∂σ +

∂cθN
∂θ

=
Stot

σ (2) 

This equation governs the evolution of wave action density N(σ, θ) in 
time, space, frequency, and direction. The first term represents the local 
rate of change of wave action; the second term captures spatial propa
gation driven by wave group velocity cg

→ and ambient currents u→. The 
third and fourth terms represent shifts in frequency and direction due to 
shoaling and refraction. The right-hand side, Stot

σ , represents the net 
source term, incorporating wind input, whitecapping, bottom friction, 
depth-induced breaking, and nonlinear interactions. Model inputs 
include bathymetric data, wave and wind data. Key physical processes 
such as whitecapping, bottom friction, and wave breaking were 
activated.

2.3.1.3. Morphodynamic model. The morphodynamic component of the 
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model was implemented using the Morphology module in Delft3D- 
FLOW. This module computes bed level changes over time by solving 
the Exner equation for sediment continuity, which accounts for gradi
ents in sediment transport driven by hydrodynamic flows and wave 
forcing. The model is run in depth-averaged (2DH) mode, and 
morphological updates are applied at each hydrodynamic time step 
using the Exner equation: 

∂zb

∂t
+

1
1 − p

∇ ⋅ qs
→

=0 (3) 

Where zb is the bed level elevation, p is the sediment porosity, and qs
→ is 

the total sediment transport vector (bedload + suspended load). To 
simulate long-term seabed evolution efficiently, a morphological scale 
factor, commonly referred to in Delft3D as MORFAC, is applied, which 
scales up the rate of bed level change relative to hydrodynamic time. In 
Delft3D, the MORFAC is applied during the bed-level update by multi
plying the computed bed-level change at each hydrodynamic time step. 
Therefore, MORFAC does not modify the hydrodynamic or sediment 
transport equations directly; rather, it scales the rate of morphological 
change relative to the simulated hydrodynamic time.

2.3.2. Model set-up
A schematized 2DH coupled hydrodynamic, spectral wave, and 

sediment transport model was developed in Delft3D to simulate wave 
attenuation and morphodynamic changes with and without WECs. This 
idealized modelling approach was selected to isolate the fundamental 
interactions between WECs, wave dynamics, and sediment transport in a 
controlled environment, free from the complexities of site-specific ba
thymetry or forcing. Such schematized models are widely used in early- 
stage or exploratory research, especially when field data are limited or 
unavailable, or when the objective is to compare alternative configu
rations (e.g., WEC layouts, sediment types, or beach slopes).

The Delft3D model was not intended to reproduce a specific field site 
or the Florida locations from which the mangrove seedling anchorage 
data were obtained. Instead, the biological dataset was used to param
eterize morphology-specific anchorage resistance, shoot frontal area, 
and rooting depth thresholds, while the numerical model represents an 
idealized wave-exposed fine-grained coastal restoration frontage. The 
model should therefore be interpreted as a proof-of-concept framework 
for testing WEC-assisted hydrodynamic preconditioning, rather than as a 
site-specific prediction of mangrove restoration success.

In estuarine environments, morphodynamic evolution typically un
folds over multi-year timescales, making field validation and long-term 
simulation particularly challenging and computationally intensive [46,
47]. The use of a schematized domain in this study, rather than a 
real-world site, allowed for efficient yet representative modelling of 
wave–sediment processes under conditions characteristic of muddy 
estuarine zones suitable for mangrove restoration. This method is 
commonly adopted in coastal morphodynamic research to examine 
long-term sediment behaviour and isolate key process drivers under 
simplified but realistic conditions [46–54]. All model parameters 
including sediment properties, wave forcing, erosion thresholds, and 
WEC parameters were defined using literature values appropriate for 
cohesive sediment environments and is summarised in Table 1.

The model domain was idealized, consisting of a 1000 m × 1000 m 
grid discretized into 80 × 40 structured cells, with cross-shore (X-di
rection) grid spacing of 12.5 m and alongshore (Y-direction) spacing of 
25 m. Bathymetry was defined using a uniform 1:80 slope extending 
from the shoreline to the seaward boundary at 12.5 m water depth 
(Fig. 1). This slope is steeper than many low-gradient muddy mangrove 
flats, which often develop on broad intertidal platforms. However, 
comparable bed slopes have been reported or adopted in previous 
mangrove-related coastal studies, particularly for wave-exposed or 
restoration-oriented settings where hydrodynamic forcing and shoreline 
transition processes are important [27,55]. In the present study, the 1:80 

profile is therefore not intended to represent all muddy mangrove 
coastlines, but rather a simplified wave-exposed transition profile 
seaward of potential mangrove restoration areas. This simplified ba
thymetry was retained to resolve wave shoaling, WEC-induced wave 
attenuation, and bed response within a controlled 1 km model domain, 
while allowing direct comparison among WEC layouts without 
site-specific bathymetric complexity.

Hydrodynamic forcing was applied through the FLOW module using 
a tidal boundary condition at the northern Open boundary. The astro
nomic tidal signal was represented using the primary M2 and S2 con
stituents, prescribed to produce a semidiurnal tidal range of 0.35 m 
which is consistent with tidal ranges on intertidal mudflats which can 
range from 0.1 m to 1 m depending on the location [21,24]. No wind 
forcing was applied, consistent with the objective of isolating 
wave-induced sediment dynamics.

Spectral wave forcing was imposed at the open boundary of the 

Table 1 
Summary of Delft3D model parameters.

Parameter Value Source

Model Type Delft3D (2DH) Hydrodynamic +
Wave + Morphology

-

Grid Dimensions 1000 m × 1000 m -
Grid Resolution 80 × 40 cells (12.5 m × 25 m) -
Bathymetry Idealized 1:80 slope with 

maximum 12.5 m depth
Risheharan et al. [27]; 
Gijsman et al. [55]

WEC 
Representation

Obstacles, 12.5 m width, 25 m gap 
(2D spacing), Kt = 0.2, Kr = 0.8

Boodoo et al. [32]

WEC Location 500 m offshore -
Tidal Forcing M2 and S2 constituents (0.35 m 

tidal range)
Hashim et al. [21]; 
Winterwerp et al. [24]

Wave Forcing Hsig = 1 m, Tp = 8 s, Dm = 10◦ Hashim et al. [21]; 
Winterwerp et al. [24]

Sediment Type Cohesive sediment -
Sediment Properties ρ = 2650 kg/m3, dry bed 

ρ = 500 kg/m3, settling 
velocity = 0.1 mm/s, τce = 0.4 N/ 
m2, τcd = 0.05 N/m2

Delft3D-FLOW User 
Manual; Borsje et al. 
[56]; He et al. [46];

Simulation 
Duration

1 Jan 2025 – 31 Jan 2025 -

Morphological 
Scale Factor 
(MORFAC)

10 -

Fig. 1. Idealized model bathymetry and WEC array placement for the base 
configuration. The black segments indicate the 2D WEC array located 500 m 
from the shoreline, with 10 idealized bottom-mounted oscillating wave surge 
converter-type devices similar to devices like the WaveRoller. The WECs were 
represented in Delft3D as partially reflective and transmissive obstacles using 
Kt = 0.2 and Kr = 0.8.
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WAVE module using a constant moderate wave-exposed condition: 
significant wave height (Hsig) = 1.0 m, peak wave period (Tp

)
= 8.0 s, 

and mean wave direction (Dm) = 10◦, perpendicular to the shoreline. 
These wave conditions were consistent with previous studies involving 
mangrove restoration where wave heights ranged from 1 m to 2.5 m [21,
24]. However, it is important to note that this wave condition was not 
intended to represent calm interior mangrove flat conditions. Rather, it 
was selected as a wave-exposed restoration scenario in which unassisted 
seedling establishment would be physically challenging and where the 
potential role of WECs as wave attenuating preconditioning structures 
could be evaluated. The imposed wave height is, therefore, interpreted 
as a stress test condition for the proposed hybrid restoration framework.

The WEC array was represented as a series of idealized bottom- 
mounted oscillating wave surge converter-type devices, similar to de
vices like the WaveRoller [34,57]. These devices were treated as 
seabed-mounted, bottom-hinged, wave attenuating structures rather 
than floating WECs. The objective of this representation was not to 
resolve device motion, power take-off dynamics, structural response, or 
frequency-dependent hydrodynamic behaviour, but to capture the effect 
of a nearshore WEC array on wave attenuation, reflection, and subse
quent morphodynamic change.

In the Delft3D-WAVE/SWAN module, the WECs were represented as 
partially reflective and partially transmissive obstacles using prescribed 
reflection and transmission coefficients. The transmission coefficient Kt 
defines the ratio between the transmitted wave height and the incident 
wave height: 

Kt =
Ht

Hi
(4) 

where Hi is the incident wave height and Ht is the transmitted wave 
height behind the obstacle. Similarly, the reflection coefficient Kr rep
resents the reflected component of the incident wave field. In this study, 
Kt = 0.2 and Kr = 0.8 were applied to represent a strongly wave- 
attenuating, highly reflective bottom-mounted device. These values 
were selected to approximate the behaviour of rigid or bottom-hinged 
seabed-mounted WECs and are consistent with the range of values 
commonly used in previous numerical wave farm modelling studies [32,
34,57].

A linear array of 10 WECs, each 12.5 m wide, was positioned 
approximately parallel to the shoreline and perpendicular to the 
incoming wave direction as seen in Fig. 1. The devices were located at 
either 300 m or 500 m from the shoreline, depending on the scenario, 
with inter-device gap spacings of 2D, 4D, or 6D, where D is the device 
width.

The cohesive sediment parameters used in Delft3D were selected 
independently of the DESOTO grain-size data. The numerical model was 
designed to represent an idealized fine-grained restoration frontage 
where erosion reduction and substrate stability are central to mangrove 
establishment. Therefore, the model does not assume that the DESOTO 
sediment conditions and the Delft3D sediment bed are identical. Rather, 
the biological anchorage data and the morphodynamic model represent 
two linked components of a proof-of-concept framework: field-derived 
seedling resistance thresholds are combined with idealized modelled 
erosion and wave-drag conditions to evaluate relative changes in sur
vivability among WEC scenarios.

Sediment transport was modelled using the cohesive sediment 
module in Delft3D-FLOW, following the Partheniades-Krone formula
tion. Key parameter values were selected based on recommendations 
from the Delft3D-FLOW User Manual and previously published papers to 
reflect typical coastal mud conditions. The sediment density was set to 
2650 kg/m3, and the dry bed density was set to 500 kg/m3, consistent 
with consolidated estuarine mud. The critical shear stress for erosion 
(τce) was specified as 0.4 N/m2, and the erosion parameter was set to 
1.0 × 10− 4 kg/m2/s, representing moderately resistant cohesive beds. 
The critical shear stress for sedimentation (τcd) was set to 0.05 N/m2 to 

represent a conservative low-deposition threshold for fine cohesive 
sediment. Under this formulation, deposition is permitted only when 
bed shear stress falls below a very low value, meaning that sediment 
accumulation is restricted to genuinely low-energy zones. This value 
was intentionally selected to avoid forcing widespread deposition in the 
model domain under the imposed wave-exposed condition. As a result, 
the model provides a conservative test of whether WECs can reduce 
wave energy and erosion sufficiently to improve substrate stability, 
rather than assuming that WEC deployment will automatically generate 
sediment accretion. Settling velocities for both fresh and saline condi
tions were defined as 0.1 mm/s, within the typical range (0.05–0.5 mm/ 
s) for fine-grained, flocculated sediments. Therefore, in this study, WEC- 
induced “preconditioning” refers primarily to wave attenuation, bed- 
shear-stress reduction, and erosion mitigation. It does not imply that 
WECs alone are sufficient to create depositional mangrove habitat 
without additional sediment supply or elevation-building interventions. 
These values were consistent with cohesive sediment modelling in pre
vious studies [46,48,56]. Bed evolution was calculated using the Exner 
equation, and sediment transport processes were fully coupled with the 
FLOW and WAVE modules.

The coupled model was run from 1 January 2025 to 31 January 2025 
with a time step of 1 min. A MORFAC of 10 was applied to extrapolate 
morphodynamic changes over a longer period, equivalent to approxi
mately 10 months of morphodynamic evolution. The model was first run 
without WECs to establish baseline wave and morphodynamic condi
tions and the model was then run with the WEC array. This value was 
selected as a moderate acceleration factor to capture cumulative erosion 
and sediment-retention patterns over a preconditioning period while 
avoiding the use of a very large acceleration factor that could distort 
short-term hydro-morphodynamic feedbacks. The same MORFAC value 
was applied consistently across all baseline and WEC scenarios, so the 
analysis focuses on relative differences among WEC configurations 
rather than absolute long-term morphological prediction.

The 10-month equivalent period was selected to represent an initial 
WEC-assisted site-preconditioning phase before potential mangrove 
planting. This timescale is long enough to evaluate whether WEC- 
induced wave attenuation can reduce erosion and improve bed stabil
ity over a restoration-relevant preparation period, but short enough to 
avoid implying multi-year or decadal prediction under constant wave 
forcing and idealized sediment supply. Therefore, the model results 
should be interpreted as comparative indicators of short-to medium- 
term hydrodynamic and erosional preconditioning, rather than as a fully 
calibrated long-term morphodynamic forecast.

2.3.3. Model scenarios and sensitivity testing
To assess sensitivity to WEC array configuration, a total of six wave 

farm scenarios were tested by varying both the distance from shore and 
the spacing between devices. Two distances were evaluated: 300 m and 
500 m from the shoreline. For each distance, three inter-device gap 
spacings were tested: 2D (25 m), 4D (50 m), and 6D (75 m), where D is 
the width of a single WEC. These configurations were compared against 
a control scenario without WECs. All scenarios were forced with fixed 
wave conditions representative of moderate swell (1 m significant wave 
height, 8 s peak period), and sediment was modelled as cohesive mud. 
The simulations were analyzed to evaluate wave height attenuation, 
sediment transport patterns, and implications for mangrove root sta
bility and survivability under different WEC array layouts. A summary of 
the model scenarios is presented in Table 2.

To evaluate the hydro-morphodynamic performance of each WEC 
configuration, wave attenuation, erosion reduction, sediment volume 
retained, and sediment retention per unit area were calculated using the 
same area-based comparative approach applied in Boodoo et al. [32,34]. 
Each WEC scenario was compared against the no-WEC control case over 
the corresponding evaluation area.

Wave height attenuation was calculated point-by-point by 
comparing the significant wave height in each WEC scenario with the 
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corresponding no-WEC control condition: 

AH,i =

(
Hsig,noWEC,i − Hsig,WEC,i

Hsig,noWEC,i

)

× 100 (5) 

where AH,i is the wave height attenuation (%) at grid cell i, Hsig,noWEC,i is 
the significant wave height at grid cell i in the no-WEC control scenario, 
and Hsig,WEC,i is the significant wave height at the same grid cell in the 
WEC scenario. The wave attenuation values reported in Table 4 repre
sent the spatially averaged attenuation over the evaluation area.

The total sediment volume retained due to the WEC array was 
calculated from the difference in cumulative bed level change between 
the WEC and no-WEC scenarios: 

Vsediment =
∑N

i=1

(
EWEC,i − EnoWEC,i

)
⋅Acell (6) 

where EWEC,i and EnoWEC,i are the cumulative erosion or accretion values 
at grid cell i for the WEC and no-WEC scenarios, respectively, Acell is the 
area of a single grid cell, and N is the number of grid cells within the 
evaluation area. A positive value of Vsediment indicates reduced net 
erosion or increased sediment retention due to the WEC array.

The percentage erosion reduction was calculated as: 

η= Vsediment

|VnoWEC|
× 100 (7) 

where the baseline sediment volume is: 

VnoWEC =
∑N

i=1
EnoWEC,i⋅Acell (8) 

Taking the absolute value of VnoWEC ensures consistency when the 
control area experiences net erosion. Finally, sediment retention per unit 
area was calculated as: 

R=
Vsediment

Azone
(9) 

where: 

Azone =N⋅Acell (10) 

Here, R is the sediment retention per unit area 
(
m3 /m2), and Azone is the 

total evaluation area. This metric normalizes sediment retention by 
spatial extent and enables comparison among WEC configurations with 
different array footprints.

2.4. Erosion-adjusted anchorage and spatial suitability mapping

Previous studies have shown that Type I uprooting where wave- 
induced drag forces alone exceed the anchorage resistance of seedling 
roots, is highly unlikely to occur under typical flow conditions. Instead, 
Type II uprooting, caused by progressive substrate erosion around the 
roots, is the dominant mechanism of seedling failure in field environ
ments [58–60] (Fig. 2). Kibler et al. [18] concluded that Type I failure is 
unlikely under natural conditions, as critical flow velocities required to 
overcome anchorage (1.2–1.5 m/s) are rarely reached. Instead, Type II 
failure where sediment erosion undermines root stability is the domi
nant mode of failure for young seedlings in the field.

Accordingly, this study prioritizes Type II failure but does not model 
Type I as a separate mechanism. Zones were only considered suitable if 
(i) cumulative erosion remained below the morphology-specific rooting 
depth, and (ii) the wave-induced drag force did not exceed the adjusted 
anchorage strength (Equation (12)). In cases where no erosion occurred, 
the full anchorage was preserved. This approach ensures that surviv
ability is always evaluated through a Type II lens, where root destabi
lization due to erosion is the prerequisite for failure.

It is important to note that water depth was not used as an exclusion 
criterion in the suitability analysis. Although the areas are deeper than 
the intertidal elevation typically required for mangrove colonization, 
these areas are interpreted as hydrodynamically preconditioned zones 
where wave energy has been sufficiently reduced by the WECs. It was 
assumed that site preparation interventions such as mud nourishment or 
raised sediment platforms could be used to elevate the bed into a suit
able planting range, consistent with real-world sedimentation- 
enhancing strategies [44].

To assess mangrove seedling survivability under different wave en
ergy conditions, an erosion-adjusted anchorage framework was devel
oped that integrates field-derived resistance thresholds with modelled 
seabed erosion from Delft3D.

For each morphology group defined in Section 2.2 two key param
eters were extracted: mean anchorage, FR from field uprooting tests and 
mean rooting depth, z0 estimated from the median longest root length of 
corresponding groups in the lab dataset. Wave-induced erosion from 
Delft3D was computed as the change in bed level elevation over the 
simulation period: 

Δzb = zb-final − zb-initial (11) 

where Δz is negative when erosion occurs. Anchorage resistance at each 
grid cell was then dynamically adjusted based on the proportion of root 
zone lost to reduce anchorage resistance with erosion at the location and 
increase anchorage resistance as accretion occurred. 

Fadjusted
R = FR⋅

(

1+
Δz
z0

)

(12) 

If erosion depth exceeded the rooting depth, the adjusted resistance 
was set to zero. This approach assumes that anchorage decreases with 
erosion until complete uprooting occurs. At each grid cell in the Delft3D 
model domain, the wave-induced drag force acting on a mangrove 
seedling was calculated using the standard drag force equation: 

FD =
1
2

ρCDAf u2 (13) 

where FD is the wave-induced drag force acting on the seedling shoot 
(N), ρ is the water density (kg/m3), Cd is the drag coefficient, Af is the 
measured shoot frontal area (m2), and u is the representative wave 
orbital velocity (m/s). The frontal area Af was obtained directly from the 
Kibler et al. [18] dataset and represents the projected shoot area of each 
seedling morphology group. Therefore, the calculated drag force was 
interpreted as a bulk estimate of the wave-induced force acting on the 
whole seedling shoot, rather than as a force acting only at the bed.

The orbital velocity u was extracted directly from the Delft3D-WAVE 

Table 2 
Summary of model scenarios used for sensitivity testing.

Scenario 
ID

Description Wave 
Conditions 
(Hsig, Tp)

WEC Position 
(m offshore)

Gap 
Spacing

C Control (no WECs) 1 m, 8 s — —
H Hybrid – Base Case 1 m, 8 s 500 m 2D 

(25 m)
D1 WECs closer to 

shore
1 m, 8 s 300 m 2D 

(25 m)
G1 Wider spacing (4D) 1 m, 8 s 500 m 4D 

(50 m)
G2 Widest spacing 

(6D)
1 m, 8 s 500 m 6D 

(75 m)
D1-G1 300 m offshore 

with wider spacing 
(4D)

1 m, 8 s 300 m 4D 
(50 m)

D1-G2 300 m offshore 
with widest spacing 
(6D)

1 m, 8 s 300 m 6D 
(75 m)
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output as the near-bed wave orbital velocity. In the present framework, 
this value was used as a representative bulk velocity over the exposed 
seedling frontal area. This assumption was adopted because the Delft3D 
model does not resolve plant-scale vertical velocity gradients and 
because the objective of this study was to develop a first-order spatial 
survivability framework rather than a fully resolved vegetation-force 
model. The use of near-bed orbital velocity is also consistent with the 
erosion-adjusted anchorage framework adopted here, where seedling 
failure is controlled by the combined effects of wave-induced drag and 
erosion-driven reduction in root anchorage.

A constant drag coefficient of Cd = 1.0 was used for all morphology 
groups. This value was selected as a first-order bulk drag coefficient for 
seedling-scale vegetation drag and is consistent with commonly used 
values for cylinder-like vegetation elements and field-derived estimates 
for mangrove vegetation. For example, Yoshikai et al. [61] reported a 
field-derived drag coefficient of approximately Cd = 1.0 ± 0.2 for a 
planted Rhizophora mangrove forest, while other mangrove and vege
tation studies show that Cd can vary depending on Reynolds number, 
vegetation geometry, flexibility, submergence, and wave conditions. 
Therefore, the calculated drag forces should be interpreted as first-order 
estimates, and future site-specific applications should include sensitivity 
testing or calibration of Cd using species-specific flume or field mea
surements. This approach does not explicitly resolve the vertical distri
bution of hydrodynamic force along the seedling height. Instead, it 
treats the measured shoot frontal area and representative orbital ve
locity as a bulk force approximation suitable for comparing relative 
survivability among WEC scenarios.

A binary classification was applied at each grid cell for each 
morphology group. Cells were labelled as. 

i Suitable if FD < Fadjusted
R

ii. Unsuitable if FD > Fadjusted
R

Suitability maps were generated for all morphology groups (small, 
medium, large) and all hydrodynamic scenarios (with and without 
WECs, and under different wave energy conditions). To evaluate seed
ling survivability, each grid cell was assigned a suitability class based on 
the outcome of the survivability analysis and the morphological group 

that could persist under the simulated conditions. Suitability was cate
gorized into four classes. 

i. Class 0 = Unsuitable (none of the morphology groups can 
survive),

ii. Class 1 = Suitable for Small + morphologies (Groups 0, 1, and 2 
can survive),

iii. Class 2 = Suitable for Medium + morphologies (Groups 1 and 2 
can survive),

iv. Class 3 = Suitable for Large only (only Group 2 can survive).

The change in total suitable area was quantified across scenarios to 
assess the protective benefit of wave energy converters in expanding 
survivable zones for mangrove planting.

3. Results

3.1. Morphology grouping and anchorage resistance

Kibler et al. [18] conducted field and laboratory experiments to 
quantify mangrove seedling anchorage and identify the morphological 
traits that influence resistance to uprooting. Using a combination of 
shoot and root characteristics including shoot height, stem diameter, 
root length, and both aboveground and belowground biomass, gener
alized linear models (GLMs) were developed to predict pull-out force. 
The best-fit models yielded R2 values of 0.5645 for field data and 0.8461 
for laboratory data, indicating predictive power, particularly under 
controlled conditions. The study found that pull-out force increased with 
seedling size, ranging from as low as 10 N in smaller individuals to over 
80 N in more mature seedlings. These findings highlighted the value of 
morphological traits, particularly AGB and BGB as predictors of 
anchorage performance.

Building on these findings, this study applied a process-based clas
sification approach to group seedlings into three morphology classes: 
small, medium, and large using K-means clustering of AGB and BGB. 
These two traits were selected as functional indicators of developmental 
maturity and anchorage potential. AGB represents shoot development 
and potential drag exposure, while BGB reflects root system investment 

Fig. 2. Conceptual diagram of Type I and Type II uprooting.
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and resistance to uprooting. The clustering results (Fig. 3) showed clear 
separation among groups in trait space. Group 0 represented the 
smallest seedlings with the lowest biomass, Group 1 comprised 
intermediate-sized individuals, and Group 2 included the most mature 
seedlings with the highest AGB and BGB values. This stratification 
provides a biologically meaningful basis for assessing survivability po
tential under varying erosion and wave exposure conditions.

The distribution of pull-out forces across groups (Fig. 4) showed clear 
and consistent differences. Group 0 seedlings exhibited low anchorage 
resistance with a relatively narrow interquartile range, suggesting uni
formly weak rooting. Group 1 showed both increased median resistance 
and a broader spread, indicating greater variability in intermediate 
seedlings. Group 2 had the highest median pull-out force and the widest 
range of values, with some individuals exceeding 80 N, reflecting both 
strong root development and greater heterogeneity among mature 
seedlings. These patterns demonstrate that biomass-based morpholog
ical groups not only reflect growth stage but also translate directly into 
functional differences in anchorage capacity, which are critical for 
survivability under erosive wave conditions.

To parameterize the survivability model, each morphology group 
was assigned a mean rooting depth and shoot frontal area using data 
from the corresponding lab dataset. Rooting depths were estimated as 
8.6 cm for Group 0, 10.4 cm for Group 1, and 12.3 cm for Group 2, while 
frontal areas were 1505.6 mm2, 2393.1 mm2, and 2920.5 mm2, 
respectively (Table 3). These parameters were used in the erosion- 
adjusted anchorage model and wave drag force equation to determine 
thresholds for uprooting under different hydrodynamic scenarios.

3.2. Wave attenuation and morphodynamic changes

Wave attenuation, associated morphodynamic changes, and theo
retical wave energy production were assessed across all scenarios 
(Table 4) to evaluate the performance of various WEC configurations in 
simultaneously reducing nearshore hydrodynamic forcing, mitigating 
sediment loss, and producing renewable energy. The control scenario 
(C), without WECs, served as a baseline against which all other config
urations were compared. Key metrics evaluated include wave height 
attenuation, erosion reduction, sediment volume retained, sediment 

retention per unit area, and theoretical wave energy output derived from 
Delft3D model results.

Under control conditions, wave energy reached the shoreline un
impeded (Fig. 5A), resulting in widespread erosion across the nearshore 
zone ranging from 0.3 m to 0.5 m (Fig. 6A). Introducing a WEC array at 
500 m offshore with 2D spacing (scenario H) led to a 32.5% reduction in 
wave height (Fig. 5B), a 72.4% reduction in erosion, and 27,048 m3 of 
sediment retained (Fig. 6B) compared to the control scenario (Fig. 5A). 
This configuration also yielded a total theoretical wave power output of 
477 kWh for the array of 10 WECs. However, it must be noted that this 
represents the total theoretical power output, and the actual energy 
production would depend on the device efficiency and device power 
matrix. This scenario served as the reference for evaluating trade-offs in 
performance. Additionally, Fig. 6 presents cumulative bed level change 
from the morphodynamic model. Although this output can represent 
both erosion and deposition, the simulated scenarios did not produce 
positive deposition values, so the maps are interpreted as erosion- 
dominated bed-level change.

When the array was moved closer to shore (300 m) in scenario D1, 
wave attenuation dropped slightly (29.7%) (Fig. 5C), and erosion 
reduction decreased to 49.3%, with 24,209 m3 of sediment retained 
(Fig. 6C). Importantly, total theoretical wave power decreased to 
446.25 kWh/m, reflecting the reduced wave power available at shal
lower depths. Similar energy penalties were observed in the other 
nearshore configurations (D1-G1 and D1-G2), reinforcing the ener
gy–protection trade-off.

Scenario G1 (4D spacing at 500 m) achieved a 69.2% erosion 
reduction and 30,567 m3 of sediment retention (Fig. 6D) with 477 kWh/ 
m of wave energy, maintaining high energy yield while improving 
sediment protection. G2 (6D spacing at 500 m) resulted in the highest 
sediment retention (Fig. 6E) (32,623 m3) but the lowest wave attenua
tion (21.4%) (Fig. 5E), again with 477 kWh/m of energy, highlighting a 
case where spacing enhances morphodynamic benefits without reducing 
energy yield.

In contrast, combined configurations (D1-G1 and D1-G2) had 
reduced performance across all metrics. D1-G1 produced 39.9% erosion 
reduction, 23,290 m3 retained, and only 446.25 kWh/m in energy. D1- 
G2 had the weakest overall results: 32.7% erosion reduction, 24,013 m3 

Fig. 3. K-means clustering of seedlings by AGB and BGB.
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retention, and 446.25 kWh/m. These patterns illustrate how trade-offs 
between wave attenuation, erosion mitigation, and energy output 
depend strongly on device spacing and placement relative to both ba
thymetry and prevailing wave energy.

Although the WEC arrays substantially reduced erosion behind the 
device zones, no net deposition was observed in any scenario. This result 
is important because it shows that WEC-induced wave attenuation alone 
was not sufficient to trigger cohesive sediment accumulation under the 
imposed wave-exposed forcing and conservative sedimentation 
threshold. Instead, the main morphodynamic effect of the WEC arrays 
was erosion mitigation. Under the simulated conditions, bed shear stress 
frequently remained above the critical threshold for sedimentation 
(τcd = 0.05 N/m2), thereby limiting the potential for fine-sediment 

deposition.
Consequently, the results should be interpreted as demonstrating 

hydrodynamic and erosional preconditioning, rather than direct habitat 
creation. In practical restoration settings, the WEC-induced calm zones 
identified here would likely need to be combined with sediment- 
enhancing interventions, such as mud nourishment or raised planting 
platforms, to achieve the bed elevations and substrate conditions 
required for mangrove establishment.

This erosion-dominated behaviour is particularly relevant in the 
context of mangrove anchorage. As described in the following section, 
suitability for seedling establishment was evaluated using an erosion- 
adjusted anchorage model. Even without net sedimentation, local re
ductions in erosion within the WEC-induced calm zones contributed 
meaningfully to improving anchorage conditions and seedling stability. 
However, the absence of sediment accumulation also highlights the need 
for additional site preparation (e.g., elevation gains through mud 
nourishment or engineered platforms) if mangrove planting is to be 
viable in these deeper zones.

WECs demonstrated the potential to simultaneously reduce wave 
energy, limit erosion, and generate renewable energy. Among the tested 
configurations, Scenario H achieved the highest erosion reduction and 
retention efficiency, while Scenario G1 offered a strong balance between 
sediment protection and maximum energy output. Although Scenario 
G2 retained the greatest total sediment volume, its retention efficiency 
and wave attenuation were comparatively lower. These results illustrate 
the inherent trade-offs between nearshore protection and offshore en
ergy optimization, emphasizing the need to evaluate configurations 
based on the specific performance priorities of a given project. The wave 
height maps shown in Fig. 5 represent the final Delft3D-WAVE output at 
the end of the coupled simulation period, after the morphodynamic bed 
update associated with the 10-month equivalent simulation period.

3.3. Spatial habitat suitability

Habitat suitability for mangrove restoration was assessed for each 
WEC scenario by comparing hydrodynamic drag forces with the 
anchorage resistance of three mangrove morphological groups. Suit
ability was categorized into four classes: 0 = unsuitable, 1 = suitable for 

Fig. 4. Pull-out force distribution by seedling morphology group.

Table 3 
Seedling morphological traits, anchorage resistance, mean frontal area and 
rooting depth per group.

Morphology 
Group

Mean 
AGB (g)

Mean 
BGB (g)

Mean 
Pull-Out 
Force (N)

Mean Root 
Length 
(cm)

Mean 
Frontal Area 
(mm2)

0 1.43 0.83 19.7 8.8 1353.57
1 16.04 6.15 34.07 8.31 2549.69
2 25.54 11.52 43.81 11.5 4039.97

Table 4 
Summary of wave attenuation, erosion reduction, sediment retention, and 
theoretical wave energy output for all wave farm scenarios.

Scenario Wave height 
Attenuation 
(%)

Erosion 
Reduction 
(%)

Volume 
Retained 
(m3)

Retention 
per Area 
(m3/m2)

Theoretical 
Energy 
Output 
(kWh/m)

H 32.5 72.4 27,048.44 0.27 477
D1 29.7 49.3 24,208.5 0.242 446.25
G1 26.6 69.2 30,566.9 0.257 477
G2 21.4 58.8 32,622.7 0.217 477
D1-G1 24.1 39.9 23,290.1 0.196 446.25
D1-G2 19.6 32.7 24,013.1 0.160 446.25
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small + morphologies, 2 = medium+, and 3 = large only (Fig. 7). Across 
all scenarios tested in this study, no cells met the threshold for Class 2 
(medium+), likely due to the narrow margin between hydrodynamic 
drag and the anchorage resistance for that group. Consequently, the 
restoration potential was assessed based on the total area covered by 
Class 1 and Class 3 zones (Table 5). Class 0 areas were omitted from 
Table 5 because they represent unsuitable zones and do not contribute to 
restoration potential. The table therefore reports only Classes 1-3, where 
at least one seedling morphology group satisfies the survivability 
criteria.

Scenario G2 yielded the largest total restoration area (90,781 m2), 
comprising 62,344 m2 suitable for small + seedlings and 28,438 m2 

suitable only for large morphologies. However, this expanded area was 

primarily due to the broader footprint of the 6D-spaced array, which 
dispersed wave energy over a larger area of the domain. Visual inspec
tion of the habitat suitability map for G2 (Fig. 7D) revealed that this area 
was highly fragmented, forming disconnected patches behind individual 
WECs.

In contrast, the base scenario (H) produced a smaller but more 
spatially suitable zone (34,688 m2), with a continuous wave shadow 
extending landward of the WEC array. Such a consolidated zone is likely 
more practical for large-scale mangrove planting, where proximity, 
accessibility, and root interlocking are essential for stabilization and 
long-term growth. The D1-G2 and G1 scenarios also performed well, 
offering 45,156 m2 and 37,969 m2 of suitable area, respectively. 
Conversely, scenario D1, which positioned the WEC array nearest to 

Fig. 5. Spatial distribution of significant wave height 
(
Hsig

)
at the final model output time for all scenarios: (A) Control, (B) Base, (C) D1, (D) G1, (E) G2, (F) D1-G1, 

and (G) D1-G2.

A. Boodoo et al.                                                                                                                                                                                                                                 Unconventional Resources 16 (2027) 100469 

10 



shore, had the smallest restoration area (11,875 m2), despite generating 
high local wave attenuation. This suggests that excessive turbulence and 
narrow shadow zones reduce the spatial extent of viable planting areas.

To explore trade-offs between energy production, sediment retention 
efficiency, and restoration potential, a 3D Pareto plot was generated 
(Fig. 8). Scenario G2 achieved the largest restoration area but had lower 
sediment retention, while Scenario H had the highest retention effi
ciency with a smaller but more consolidated suitability zone. Scenario 
G1 provided a strong balance between energy output and sediment 
retention. The plot underscores the importance of evaluating WEC 
performance through a multi-objective lens, particularly when opti
mizing for both ecological and engineering outcomes.

While the suitability classification was based on hydrodynamic 
thresholds, the actual bathymetric depths in the suitable areas ranged 
from 2 to 4 m, which is well below the intertidal elevations typically 
required for mangrove colonization. Mangroves are adapted to dynamic 
intertidal environments where they experience regular but partial tidal 
inundation. Thus, the zones identified in this study should be interpreted 
as hydrodynamically preconditioned areas, not necessarily ready for 
direct planting.

To enable successful restoration at these depths, additional 
elevation-building interventions would be required. This may include 
mud nourishment, river sediment diversions [44], or raised platforms 
[62] that bring the substrate into a suitable elevation range for 

Fig. 6. Cumulative bed-level change at the final model output time for all scenarios: (A) Control, (B) Base, (C) D1, (D) G1, (E) G2, (F) D1-G1, and (G) D1-G2. 
Negative values indicate erosion, while values close to zero indicate limited bed-level change. Although the model output represents erosion–deposition change, 
no positive deposition was observed in the simulated scenarios; therefore, the maps are erosion-dominated.
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mangrove root establishment.

4. Discussion

4.1. Performance trade-offs across WEC configurations

The results demonstrate that WEC configuration plays a critical role 
in shaping the balance between energy production and ecological 
restoration potential. Importantly, the differences observed between 
scenarios were not just quantitative but also spatial, affecting the shape, 
connectivity, and practicality of potential restoration zones.

The strong performance of Scenario H in erosion reduction and 
retention efficiency suggests that tighter, more consolidated arrays may 
be more effective at creating concentrated zones of lower wave energy. 
This, in turn, supports sediment stabilization and the formation of areas 
suitable for restoration. However, the reduced spatial footprint high
lights a trade-off; these configurations may fail to influence a broader 
area or generate expansive restoration zones, especially in deeper 
offshore locations.

Fig. 7. Habitat suitability maps for mangrove restoration under each scenario: (A) Base (H), (B) D1, (C) G1, (D) G2, (E) D1–G1, (F) D1–G2.

Table 5 
Restoration-suitable area by habitat suitability class for each WEC scenario. 
Class 0, representing unsuitable area, is not included because the table focuses 
only on restoration-relevant suitable zones. Total restoration area includes 
Classes 1–3 only.

Scenario Class 1 Area 
(m2)

Class 2 Area 
(m2)

Class 3 Area 
(m2)

Total Restoration 
Area (m2)

Base (H) 31250 0 3437.5 34687.5
D1 3906.25 0 7968.75 11875
G1 28906.25 0 9062.5 37968.75
G2 62343.75 0 28437.5 90781.25
D1-G1 15781.25 0 3125 18906.25
D1-G2 29375 0 15781.25 45156.25
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In contrast, the broader restoration zones observed in more widely 
spaced configurations (e.g., G2) suggest that increasing inter-device 
distance enables wave energy to dissipate over a larger area, pre
conditioning wider regions of the domain. Yet, the reduced energy 
dissipation and the fragmented nature of suitability zones imply that 
these layouts may be less efficient in terms of ecological or logistical 
restoration outcomes. Fragmented zones may hinder mangrove seedling 
connectivity, increase vulnerability to edge effects, and complicate 
restoration logistics such as planting access and maintenance.

While theoretical energy output remained constant for most sce
narios (e.g., 477 kWh/m in H, G1, and G2), the actual recoverable en
ergy in real-world settings depends on local wave conditions and the 
specific power matrix of the WEC device. In this study, the maximum 
theoretical wave power was calculated. In practice, variations in inci
dent wave energy, device efficiency, and load hours can affect yield.

Ultimately, the choice of WEC configuration should reflect project 
priorities and site-specific conditions. Factors such as wave energy po
tential, sediment type, bathymetry, and restoration goals will influence 
the optimal design. This study, while based on simplified and idealized 
conditions, serves as a proof-of-concept demonstrating a novel meth
odology for assessing the trade-offs involved in hybrid WEC deployment. 
The framework developed here can be applied to real-world sites, 
allowing decision-makers to explore configuration options aligned with 
local environmental and socioeconomic priorities.

4.2. Role of WECs in preconditioning sites for mangrove restoration

While the habitat suitability maps identified zones of reduced wave 
force and erosion, particularly in the sheltered wake of WEC arrays, 
these areas were typically located in water depths of 2 to 4 m. Such 
depths fall well below the intertidal elevation range typically required 
for natural mangrove colonization. Mangroves rely on regular, partial 
tidal inundation for seedling establishment, oxygen exchange, and 
nutrient cycling. Therefore, although these zones were hydrodynami
cally favourable in terms of survivability, they are not immediately 

viable for planting without further intervention.
This finding highlights the potential role of WECs as site pre

conditioning tools rather than standalone restoration solutions. By 
attenuating wave energy and reducing bed shear stress, WECs create 
low-energy zones that could enable sediment accumulation and support 
future mangrove establishment. However, to transform these zones into 
plantable areas, elevation-building interventions would be essential. 
Such interventions may include mud nourishment, sediment diversions, 
or the use of engineered platforms or terraces to raise the seabed into the 
intertidal zone.

Importantly, the habitat suitability classification used in this study 
was based solely on hydrodynamic thresholds for erosion and drag. 
While these thresholds reflect critical survivability limits for uprooting, 
they do not capture the full range of physical requirements for mangrove 
establishment, most notably, elevation and soil development. As such, 
the suitability maps should be interpreted as identifying preconditioned 
zones, rather than ready-to-plant areas. Translating these zones into 
functioning ecosystems would require integration with engineered 
elevation strategies and long-term sediment management.

4.3. Socioeconomic Co-benefits and implementation potential

Beyond their environmental functions, hybrid WEC-based systems 
offer important opportunities for socioeconomic development in coastal 
regions [36]. By integrating wave energy extraction, shoreline protec
tion, and ecological restoration, these systems can serve as 
multi-functional infrastructure that addresses both climate adaptation 
and local development needs.

One of the key benefits of such systems is their potential to create 
green employment. The installation and maintenance of WEC arrays, 
along with sediment management and mangrove restoration activities, 
can generate jobs for local communities, particularly in areas with 
limited economic opportunities. These activities may include skilled and 
unskilled labour such as WEC deployment, ecological monitoring, 
seedling propagation and planting, sediment replenishment, and long- 

Fig. 8. 3D Pareto plot showing trade-offs between energy output, retention efficiency, and restoration area across WEC scenarios.
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term site maintenance. When supported by local training programs, such 
efforts could foster community stewardship and promote inclusive, long- 
term engagement with the restoration process. Furthermore, the 
decentralized nature of wave energy makes it well suited to support 
remote or energy-poor coastal communities, especially in regions where 
grid access is limited or unreliable. Coupling coastal restoration with 
renewable energy generation may offer cost-effective, sustainable 
infrastructure that delivers both environmental and human benefits.

The proposed framework also has implications for blue carbon 
planning, although carbon sequestration was not directly quantified in 
this study. Mangroves are widely recognized as blue carbon ecosystems 
because they can store carbon in aboveground biomass, belowground 
biomass, and organic-rich sediments. In this context, wave farm layout 
optimization could provide an indirect blue carbon benefit by improving 
the physical conditions required for mangrove regeneration. Configu
rations that produce more continuous low-energy zones, reduce erosion, 
and support sediment stability may increase the likelihood of successful 
seedling establishment and long-term mangrove persistence. Therefore, 
WEC array design should not only be evaluated in terms of energy 
output and erosion reduction, but also in terms of its potential to support 
future ecosystem recovery and carbon-storage functions when combined 
with appropriate elevation-building and sediment-management in
terventions. However, because this study did not simulate mangrove 
growth, biomass accumulation, or soil carbon dynamics, the blue carbon 
implications should be interpreted as a potential co-benefit and an 
important direction for future research rather than as a quantified 
outcome.

Finally, the successful implementation of hybrid WEC–restoration 
projects will require coordination across government, industry, and 
local stakeholders. Industry partners can contribute technical expertise 
and innovation; government agencies can provide regulatory support, 
funding, and integration into national adaptation strategies; and local 
communities can supply labour, knowledge of the coastal system, and 
long-term stewardship. These multi-stakeholder partnerships are 
essential to ensure that the social, economic, and environmental benefits 
of such systems are fully realized.

4.4. Model limitations and future research directions

While this study presents a novel framework for evaluating the 
hybrid potential of WECs in coastal protection and restoration, several 
limitations should be acknowledged. These limitations point to impor
tant opportunities for future research and model refinement.

First, the model uses an idealized, schematized bathymetry with a 
uniform 1:80 slope. This simplification enabled controlled comparison 
of WEC configurations but does not represent the full range of natural 
mangrove restoration settings. In particular, many muddy mangrove 
coasts and intertidal flats have gentler gradients and more complex 
depositional platforms than the profile used here. Therefore, the 1:80 
slope should be interpreted as a simplified wave-exposed transition 
profile rather than a universally representative muddy mangrove coast. 
Future studies should apply the framework to site-specific bathymetry, 
including lower-gradient mudflats, tidal creeks, and shallow deposi
tional shelves where WEC-induced reductions in bed shear stress may 
more readily support sediment accumulation.

Second, the model was forced using a constant Hs = 1.0 m and Tp =

8.0 s wave condition. This was selected as a moderate wave-exposed 
stress test scenario, not as a representation of calm interior mangrove 
hydrodynamics. While this allowed the ability of WECs to reduce en
ergetic wave forcing to be evaluated, it may also explain why no net 
deposition occurred in the simulations. Future work should include 
lower-energy wave climates, seasonal wave variability, and external 
sediment supply to determine whether WEC-induced attenuation can 
transition from erosion mitigation to net accretion under more favour
able restoration conditions.

Third, the biological anchorage data and the numerical model 

represent different components of the framework. The Florida seedling 
dataset was used to derive morphology-specific anchorage and frontal- 
area thresholds, while the Delft3D domain was used as an idealized 
hydro-morphodynamic test environment. The results should therefore 
be interpreted as a transferable modelling framework rather than a site- 
specific prediction for the Florida study sites.

Additionally, the drag-force formulation simplifies the vertical 
structure of hydrodynamic loading on mangrove seedlings. In reality, 
wave orbital velocity varies through the water column, and the exposed 
frontal area of a seedling may vary with height, submergence, flexibility, 
and leaf arrangement. The present study used a bulk drag formulation 
based on measured shoot frontal area and a representative near-bed 
orbital velocity extracted from Delft3D-WAVE. Therefore, the calcu
lated drag force should be interpreted as a first-order survivability proxy 
rather than a fully resolved plant-scale force model. Future studies 
should improve this component by vertically integrating drag over the 
exposed seedling height, incorporating plant flexibility, and calibrating 
or testing the sensitivity of Cd using species-specific measurements.

While hydrodynamic suitability was evaluated using thresholds for 
drag force and bed erosion, other important biophysical factors were not 
modelled. These include soil shear strength, water salinity, nutrient 
availability, and competition between species, all of which influence 
mangrove establishment but are difficult to quantify in large-scale nu
merical models. The use of uprooting thresholds offers a useful proxy for 
survivability but should be supported by field-based validation and 
sensitivity testing in future applications.

The anchorage thresholds used in this study were derived from field 
seedlings growing in organic-rich mangrove substrates with sand-sized 
median grain diameters, whereas the Delft3D model used an idealized 
cohesive sediment bed. Therefore, the absolute suitability areas should 
be interpreted with caution. The scenario comparisons remain useful 
because the same morphology-specific anchorage thresholds were 
applied consistently across all WEC configurations; thus, differences 
among scenarios primarily reflect WEC-induced changes in wave forc
ing, erosion, and drag. Future site-specific applications should calibrate 
seedling anchorage resistance using local sediment conditions, including 
mud content, consolidation, organic matter, root–sediment interactions, 
and surrounding vegetation.

A MORFAC sensitivity analysis was not performed in this proof-of- 
concept study. Although a moderate MORFAC value of 10 was used 
consistently across all scenarios to support relative comparison among 
WEC configurations, the absolute magnitude and spatial extent of pre
dicted bed-level change may be sensitive to the selected acceleration 
factor. Future site-specific applications should test multiple MORFAC 
values and compare accelerated results against non-accelerated or 
lower-acceleration simulations to confirm that hydro-morphodynamic 
feedbacks are not distorted.

Finally, although the modelling framework is generalizable, the re
sults are specific to the tested WEC type and array geometries. Broader 
applications will require assessment of different device designs, power 
matrices, and anchorage characteristics, as well as incorporation of 
economic cost-benefit analysis to support decision-making. Taken 
together, these limitations underscore the need for pilot-scale field trials 
to validate the viability of hybrid WEC–restoration projects. Field ob
servations would provide data to calibrate hydrodynamic and ecological 
models and help refine design criteria for real-world implementation.

5. Conclusions

This study presents a novel, integrated framework for evaluating the 
hybrid potential of WEC arrays in coastal protection and ecological 
restoration. Using a coupled wave–flow–morphodynamic model, the 
influence of different WEC configurations on wave attenuation, erosion 
reduction, sediment retention, and mangrove habitat suitability was 
assessed. Survivability was evaluated using drag-based and erosion- 
based uprooting thresholds, incorporating both Type 1 and Type 2 
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failure mechanisms.
A key innovation of this study is the use of K-means clustering to 

define mangrove morphological groups based on empirical measure
ments of above- and below-ground biomass. This allowed for a data- 
driven estimation of frontal area and anchorage resistance, enabling 
identification of zones where hydrodynamic forces exceed seedling 
resistance. The resulting framework is both modular and transferable. 
Trait data from other field sites can be similarly clustered into functional 
groups and applied within this modelling structure, allowing for region- 
specific or species-specific adaptation. This generalizable methodology 
offers a practical tool for restoration planning in data-limited coastal 
environments by bridging empirical trait data and hydro- 
morphodynamic modelling.

The results revealed that WEC configuration plays a critical role in 
shaping both physical protection and ecological suitability. Wider, 
offshore arrays expanded the restoration footprint but often produced 
fragmented suitability zones with lower retention efficiency. More 
compact arrays generated cohesive low-energy zones ideal for restora
tion but offered less spatial coverage. These trade-offs were visualized 
through a 3D Pareto plot, reinforcing the need for site-specific, multi- 
objective optimization in WEC array design.

Although hydrodynamically favourable zones were identified, most 
were located in 2-4 m water depths which are below natural mangrove 
colonization thresholds. This highlights the role of WECs as pre
conditioning tools, which must be paired with elevation building in
terventions such as mud nourishment or engineered terraces to enable 
successful planting.

Importantly, the model results should be interpreted as evidence of 
hydrodynamic preconditioning through wave attenuation and erosion 
reduction, rather than direct creation of plantable mangrove habitat. 
Site-specific application would require testing under local bathymetry, 
wave climate, sediment supply, and elevation-building conditions.

Finally, hybrid WEC systems offer broader socioeconomic value. 
They support job creation through device deployment, sediment man
agement, and monitoring, while providing renewable energy and 
shoreline protection. Although this study was conducted under idealized 
conditions, it demonstrates a transferable methodology that can guide 
future field-based research and support the practical implementation of 
hybrid energy–restoration systems.
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