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Coastal resilience has become a pressing global issue due to the growing

vulnerability of coastlines to the effects of climate change. Nature-based

solutions have emerged as a promising approach to coastal protection to not

only enhance coastal resilience, but also restore critical ecosystems. Coral reef

restoration has the potential to provide ecosystem services benefits; however,

there are still key uncertainties in linking restoration design to reductions in

coastal flood hazard under current and future climate conditions. In this study,

we applied one-dimensional and two-dimensional numerical coastal

engineering models, calibrated and validated using field data, to evaluate the

effectiveness of coral restoration scenarios on coastal waves, water levels, and

flooding along the coast of San Juan, Puerto Rico, U.S.A. Model results indicate a

small reduction in maximum water levels under the proposed restoration

scenarios. This underscores the importance of these endeavors, not only for

ecological preservation but also for preventing further reef deterioration. Such

preservation is essential for mitigating the increased coastal risks anticipated in

the future. Results from this study provide information to guide policymakers and

coastal managers in making informed decisions on viable restoration project

design options. By systematically evaluating how restoration location impacts

coastal flood hazards, communities can develop and implement proactive

strategies to mitigate flood-related risk. In addition, by restoring coral reefs,

communities can contribute to environmental preservation while ensuring

sustainable development and protection of coastal environments.
KEYWORDS

coastal resilience, climate change, restoration, numerical models, coral reef,
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2025.1528460/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1528460/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1528460/full
https://www.frontiersin.org/articles/10.3389/fmars.2025.1528460/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2025.1528460&domain=pdf&date_stamp=2025-04-04
mailto:ramin.familkhalili@noaa.gov
https://doi.org/10.3389/fmars.2025.1528460
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2025.1528460
https://www.frontiersin.org/journals/marine-science


Familkhalili et al. 10.3389/fmars.2025.1528460
1 Introduction

Coral reefs are one of the most biodiverse ecosystems and provide

valuable ecosystem services such as fisheries habitat, tourism

opportunities, and shoreline protection (Burke et al., 2011). Acting as

natural barriers, they absorb and dissipate wave energy, offering

protection to adjacent coastal communities and infrastructure from

storm surges and flooding (Ferrario et al., 2014; Reguero et al., 2021).

However, coral reefs are facing major challenges, including coral

disease and bleaching (Eakin et al., 2018), climate change (Hoegh-

Guldberg et al., 2007), and anthropogenic stressors (Hughes et al.,

2017), which significantly increase the vulnerability of coastal areas to

wave-driven flooding and erosion (e.g., Elliff and Silva, 2017; Reguero

et al., 2018; Storlazzi et al., 2019).

Coastal flooding, driven by extreme events, has become a

growing concern for vulnerable coastal communities (IPCC,

2012). The increasing frequency and intensity of extreme events,

along with accelerating sea-level rise (SLR) due to climate change,

are exacerbating the risks of coastal flooding (Kirezci et al., 2020;

Sweet et al., 2022) and associated socio-economic impacts

(Hallegatte et al., 2013; Vitousek et al., 2017). This flooding also

leads to environmental degradation, such as erosion of coastal

habitats and pollution of marine ecosystems (e.g., IPCC, 2014;

Neumann et al., 2015). In response, there is growing interest in

effective and sustainable measures to mitigate coastal flood risks and

enhance resilience of vulnerable coastal communities. Nature-based

solutions (NbS) are one promising approach to reduce these risks

(Temmerman et al., 2013; Elko et al., 2021). NbS practices involve

the strategic use of natural systems to minimize risk, such as

enhancing wetlands or restoring mangroves to bolster coastal

resilience. These modifications are coupled with the introduction

of native biological components through human intervention or

accelerated succession (Perricone et al., 2023).

Coral reef restoration can act as a NbS by reducing the risks of

wave-driven run-up, coastal flooding, and erosion by dissipating wave

energy throughmodifications of the bathymetry and seabed roughness,

while concurrently enhancing ecological stability (Viehman et al.,

2023). Reef restoration can also provide environmental, economic,

and social benefits (Spalding et al., 2017), which have been the focus of

most restoration efforts (Bayraktarov et al., 2019). Recent studies have

demonstrated that hybrid coral reef restoration can significantly reduce

flood risk by minimizing economic losses and saving lives, particularly

in low-lying coastal areas where vulnerable communities are most at

risk (Storlazzi et al., 2025). Despite the increasing interest in using coral

restoration as a means of reducing flood risk, there remain significant

uncertainties, such as how restoration siting and design (e.g., height and

corresponding roughness) influence the overall effectiveness of such

endeavors (Roelvink et al., 2021; Norris et al., 2023).

Prior to restoration implementation, modeling studies are

essential to identify how potential design options for a restored

reef can optimize protective benefits and reduce coastal flood risk

(Viehman et al., 2023). The importance of reef geometry and

topography, such as reef slope, width, and profile shape, on wave

dynamics have been highlighted in previous studies, as these factors

significantly influence wave energy distribution, total wave energy,
Frontiers in Marine Science 02
and run-up in harbors (e.g., Gao et al., 2019, 2020). By

incorporating these factors, numerical models serve as valuable

tools to simulate and forecast coastal flooding scenarios. Regional-

scale hydrodynamic models can inform potential restoration

placement (e.g., Reguero et al., 2021; Storlazzi et al., 2021a), but

reef-scale hydrodynamic models are also needed to more precisely

relate restoration design and location to the potential reduction of

hazard risks (e.g., Reguero et al., 2018). These forecasts enable

mitigation planning for NbS that could reduce damages and

enhance resilience in the face of coastal flood events. However,

few reef-scale hydrodynamic models have yet been implemented to

inform coral restoration planning and design.

In this study, we investigated the effects of potential coral reef

restoration design and siting on coastal flood reduction along the

coast of San Juan, Puerto Rico, U.S.A., for extreme events and

projected SLR. We first provide a brief overview of the study area

and field data. We next show the calibration and validation process

of one-dimensional (1D) numerical models encompassing the field

data and expanded into a two-dimensional (2D) model of the study

area. We then present results of the 1D and 2D model simulations

and discuss the effects of coral restoration on wave run-up and flood

reduction along the coast. This study provides a template for

planning coral reef restoration as a NbS practice in coastal areas

to reduce coastal flooding caused by combination of extreme events

and SLR.
2 Study area

Puerto Rico’s northern coastline facing the North Atlantic

Ocean experiences strong wave action, predominantly from the

northeast, with waves typically moving westward (Barreto-Orta

et al., 2019). Our study area, extending from the Escambrón area

(or Bahıá de Condado) to the region adjacent to Luis Muñoz Marıń

International Airport (Figure 1a), includes nearshore littoral

habitats and sandy beaches. The study area was exposed to severe

wind and wave conditions during Hurricanes Irma and Maria in

2017, resulting in coastal flooding and erosion that threatened

critical infrastructure, tourism facilities, and property (Cangialosi

et al., 2018; Pasch et al., 2019). The coral reefs north of San Juan

provide critical natural infrastructure to defend against storm waves

and coastal flooding by dissipating wave energy and thus

safeguarding critical coastal infrastructure. However, the primary

reef building coral species in this geography have suffered

significant declines caused by multiple stressors including coral

bleaching, disease, hurricanes, and degraded water quality, reducing

the structural complexity of the reef, and therefore, the effectiveness

of the reefs for coastal protection. Consequently, large-scale coral

restoration of Acropora palmata, a primary coral species for

building shallow reefs that attenuate waves, is being evaluated in

this coastal region by local managers (Viehman et al., 2020). Goals

of a large-scale coral reef restoration would include increasing the

coastal protection benefits of these reefs; therefore, the site is ideal

for modeling the complex interactions between coral restoration

and coastal wave-driven flood reduction.
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3 Data and methods

3.1 Field measurements

We used field data collected from 8 instruments deployed off

San Juan from November 2018 to April 2019 from Rosenberger

et al. (2020), as shown in Figure 1b. Field measurements were

obtained from a cross-shore transect (E1-E7, Figure 1b). Field data

provided the offshore wave forcing, as well as wave and water level

data across the fore reef, reef flat, shallow back-reef and lagoon. The

dataset consisted of a Nortek Acoustic Wave and Current profiler

that was deployed at a depth of 12.8 m (A1 in Figure 1b) on the

middle fore reef to record directional incident wave conditions at 1

Hz for 34 min every hour and 7 Nortek RBR Solo-D|wave pressure

sensors (E1 – E7 in Figures 1b, c) that collected measurements at 2

Hz for a burst time of 34 min every hour on the upper fore reef, reef

flat, lagoon, and upper shoreface.

The RBR sensor measurements were corrected for atmospheric

pressure and then converted to water levels. Wave measurements

were analyzed to calculate significant wave heights (Hs) and root-

mean-squared wave heights (Hrms) of sea-swell (SS, frequency range
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of 0.20–0.04 Hz) and infragravity (IG, frequency range of 0.040–

0.004 Hz) waves. Two high-energy wave events during 28-30

December 2018 and 23-26 January 2019 (Supplementary

Material) were used for model calibration and validation,

respectively. The E5 sensor was unable to record data throughout

the entire deployment due to battery issues, resulting in a lack of

data for the 2019 event. Wave height transformations over the reef

toward the coast demonstrate a general trend of decreasing wave

height. Substantial wave energy was dissipated between the E2 and

E5 locations, which are characterized by shallow depths (~<5 m,

Figure 1c), primarily due to wave breaking that resulted in an

increase in the mean water level.
3.2 Numerical model

We used the physics-based, coastal hydrodynamic model XBeach

to simulate scenarios of coral reef restoration location and height in

conditions of extreme events. XBeach is a 2D, open-source, phase-

averaged wave numerical model that solves equations for wave

propagation, mean flow including long waves, sediment transport,
FIGURE 1

Map of the study area in San Juan, Puerto Rico, U.S.A., and the one-dimensional and two-dimensional XBeach hydrodynamic model domains. (a) Plan view
of the study area highlighting the hard bottom habitat (yellow area) and the location of the proposed restoration marked in red within the 2D model. The
extent of the coastline along the shore is represented by a gradient color line. (b) Location of the field measurements used for the 1D XBeach model
calibration and validation. (c) Profile view of the cross-shore transect, indicating the locations of observation points aligned with field deployments (E1 to E7)
and location of proposed reef restoration (1 to 10, see Sec. 3.5). The gray area indicates artificially raised land elevation for model purposes; the horizontal
dashed line represents the mean sea level at the start of the model simulation.
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and morphological changes (Roelvink et al., 2009). XBeach has widely

been used to model 1D and 2D coastal flooding and has been validated

against field measurements (e.g., Quataert et al., 2015; Elsayed and

Oumeraci, 2016; Storlazzi et al., 2018). We utilized the surfbeat mode,

which solves short wave fluctuations at the wave group scale (Roelvink

et al., 2009). This mode employs a reduced wave-action equation to

capture these variations while also resolving the associated long waves.

This means that it focuses on the overall behavior of the group of

waves, rather than simulating each individual wave within the group.

The surfbeat mode, capable of resolving both short and long waves,

offers a comprehensive depiction of coastal processes, enhancing the

overall fidelity of the simulations to provide a more efficient and

accurate simulation of short-wave behavior (Quataert et al., 2020).

A digital elevation model of the study area from USACE FEMA

topobathy lidar (OCM Partners, 2024) was used to create

bathymetric files for the modeling efforts. We developed a 1D

XBeach model along the cross-shore instrument transect for

model calibration and validation (Figures 1b, c). This simplified

model facilitated efficient calibration efforts and enabled focused

analysis of key parameters. The model utilized a non-equidistant

grid, with resolution optimized based on depth, ranging from 5 m in

deeper offshore regions to 1 m in the nearshore and surf zone. This

approach ensured finer resolution in areas of active wave

transformation while maintaining computational efficiency

offshore. The grid refinement followed XBeach’s built-in grid

generation settings, which adaptively adjust resolution according

to hydrodynamic conditions. Additionally, we assumed no changes

in the bed level within the model, indicating no morphological

alterations throughout the simulation.

The field data from sites E1-E7 were used to calibrate and

validate a 1D XBeach model along the instrument transect

(Figure 1b). For calibration, the model ran over a two-day period

to simulate the 2018 event, whereas for validation, it ran over a

three-day period to simulate the 23-26 January 2019 event (see

Supplementary Figure 1). These simulations were conducted with

storm-induced waves represented at the offshore boundary of the

model domain (x=0 in Figure 1c) by a Joint North Sea Wave Project

(JONSWAP) spectrum with significant wave height and peak

period obtained from field measurements (Sec. 3.1). Time series

of short-wave heights and surface elevations at each instrument

location were output from the 1D simulations (E1-E7 in Figure 1c)

for comparison with field measurements.

The calibrated and validated 1D model was used to evaluate the

effects of coral restoration (i.e., location and height) on wave run-up

(i.e., the vertical distance between the still water level and the

maximum height of the wave up-rush on the shoreline) reduction

under extreme forcing conditions. We specified a numerical run-up

gauge to track the moving waterline with a minimum depth of 0.02

m. We extended the beach, maintaining a consistent slope of 1:20

from the natural beach slope, up to +10 m above mean sea level

(MSL, x> 2300 m, see also gray area in Figure 1c) to allow for the

run-up to be evaluated across the entire range of hydrodynamic

forcing, which are applied as offshore boundary conditions at the

seaward extent of the transect (i.e., at cross-shore equal to zero) of
Frontiers in Marine Science 04
the model. We analyzed the run-up time series, identified individual

run-up peaks above the still water level, and then calculated a 98th

percentile of the peaks in the vertical run-up in order to determine

the R2%, which is the value exceeded by 2% of the run-up events.

The 1D model calibration and validation results were used to

develop a fully 2D numerical model (Figure 1a) to study the effects

of variations in coral reef restoration structure (i.e., height) and

oceanographic forcing on coastal flooding. The model was forced

with extreme event scenarios (Table 1) as JONSWAP wave

spectrum at the offshore boundary and absorbing-generating

conditions onshore and no-flux conditions at the lateral

boundaries. Large scale 2D XBeach models require extensive

computational time (Rautenbach et al., 2022; Gaido-Lasserre

et al., 2024) and thus we increased the computational efficiency of

the simulations by implementing a parallel message passing

interface version of XBeach on an 80-core Linux cluster for faster

processing and execution of the simulations.
3.3 Model calibration and validation

We calibrated the model by adjusting the short-wave friction

coefficient (fw) and the current and infragravity wave friction

coefficient (cf ) to minimize model-data differences in waves and

water levels. We conducted a set of simulations to identify the

sensitivity of the model to hydrodynamic friction parameters (i.e.,

fw and cf ) and to identify optimum values that can be used to

reproduce key hydrodynamic processes along the profile. A total of

56 simulations were conducted with different combinations of

short-wave friction coefficients and current friction coefficients.

The range of fw varied from 0.1 to 0.8 in increments of 0.1,

whereas cf values tested included 0.01, 0.05, 0.10, 0.15, 0.20, 0.25,

and 0.30 (see Supplementary Material).

For any constant cf value, as fw increased, mean water level and

infragravity wave height (Hrms IG) had smaller root-mean-square error

(RMSE), which means that the model can reproduce observed values

more accurately across the transect. This improvement in model

performance was gained at the expense of lower accuracy in sea-

swell wave height (Hrms SS). The effects of cf on sea-swell wave height

for a constant fw was negligible; however, the lower value of cf would

lead to a higher mean water level RMSE. A smaller wave friction

coefficient (fw) resulted in larger mean water level RMSE, but also

increased setup on the reef flat (see Supplementary Figure 2).

For all simulations, differences between modeled and observed

mean water levels had RMSE under 0.1 m. The lowest summation of

the RMSE values for mean water level, Hrms SS, and Hrms IG were

determined. The sensitivity analysis resulted in a spatially-variable

combination of friction coefficients that could most accurately

reproduce variations in SS waves, IG waves, and mean water

levels observed across the cross-shore transect. We then used

those values to validate the model performance for the 2019

event. We determined the performance of the calibrated model by

calculating RMSE and mean bias error (e.g., Roelvink et al., 2009)

for the 23-26 January 2019 event.
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The validation results indicate an average RMSE of 0.05 m for

the mean water level. The bias varies across the transect from -0.02

m (indicating underestimation) over the fore reef to 0.03 m

(indicating overestimation) over the reef flat (Figure 2). The

predicted Hrms values for SS and IG waves have an average RMSE

of ~0.09 and ~0.05 m, respectively. Overall, the validation results

indicate that the model can reproduce the spatial variability in wave

heights across the transect, as well as temporal changes in response

to the varying offshore/boundary wave and water level conditions.
3.4 Extreme events scenarios

We obtained the wave heights, periods, and projected SLR

associated with the different levels of extreme events (10-, 50-,

and 100-yr return periods) from the Caribbean coastal ocean

observing system wave model (Anselmi-Molina et al., 2012;

http://caricoos.org). Significant wave heights of 4.97-7.39 m with

peak periods of 14.8-17.8 s correspond to extreme events that occur

at return periods between 10 years and 100 years (Table 1). These

values were applied as boundary conditions (i.e., the corresponding

JONSWAP spectra) with friction values determined from the
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calibration process (Sec. 3.3) to both the 1D and 2D XBeach

models to investigate the effects of restored reef on coastal

flooding and evaluate its effects on the coastal system.
3.5 Restoration scenarios

The size, depth, and location of restored reefs, along with the

density of outplanted corals added to the seabed in restoration

(which translates into hydrodynamic roughness) were varied in the

1D model. Depths of locations for potential restorations were

restricted to a range of 2.5-4.0 m to provide an ideal real-world

scenario for restoration of A. palmata coral. A. palmata is

particularly suited for restoration for coastal resilience since it has

naturally dominated shallow fore-reef, crest, and shallow back-reef

habitats; while capable of growing to a height of 50 cm or more

within 5 years (Acropora Biological Review Team, 2005).

Forty potential restoration scenarios were tested in the 1D

model. Ten locations were included across the transect

(Figure 1c), with four restoration heights of 25, 50, 100, and 150

cm. Although it is unlikely for the reef to reach 150 cm height, this

choice would provide a more comprehensive analysis. The reef

restoration starting point was set at 700, 750, 800, 850, 900, 950,

1000, 2100, 2150 and 2200 m in the cross-shore along the transect

(i.e., 1 to 10 in Figure 1c) and extend 10 m onshore.

For the 2D models, we utilized friction coefficients derived from

the 1D model calibration and mapped these values onto the habitat

maps to determine the friction characteristics for each habitat type.

Applying the 1D-derived friction values in the 2D model allowed us

to capture habitat-specific variations in wave dissipation, reflecting

the diverse frictional properties of coastal habitats (e.g., coral reefs,

sandy areas). By integrating the NOAA 2017 hard bottom habitat
FIGURE 2

Comparison of model results with oceanographic field data. Measured burst-averaged mean water level (top row), sea-swell wave height (Hrms   SS ,
mid row), and infragravity wave height (Hrms   IG, bottom row) for each instrument along the transect. Model results for calibration and validation are
plotted in blue and red, respectively. Positive bias indicates over-prediction and negative bias indicates under-prediction.
TABLE 1 Model parameters for extreme event conditions applied as
boundary conditions.

Parameter 10 yr 50 yr 100 yr

Offshore water level (m) 0.62 0.71 0.79

Offshore significant wave height (m) 4.97 6.67 7.39

Offshore peak period of the wave
spectrum (s)

14.80 16.80 17.80
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map (Viehman et al., 2020) with the NOAA benthic habitat map

(Kendall et al., 2001), we created a spatially varying friction file that

assigns specific friction values to different habitats. Additionally, we

used the hard bottom habitat map to guide the placement of

proposed restorations (Figure 1a).
4 Results

4.1 Wave run-up

Using the validated and calibrated 1D model, we investigated

how coral reef restoration could impact wave run-up under extreme

wave and water level conditions. The percent change in R2%, which

is defined as the percent difference between the current unrestored

and simulated restored reef, for the different model simulations, is

presented in Figure 3. Dissipation of waves across a restored reef is

the main factor influencing wave transformation compared to an

unrestored reef. Restored coral reefs can result in a decrease in R2%

at the shoreline because of reductions in both the wave heights and

water levels, resulting in less inland penetration of wave-

induced flooding.

The model results indicate that R2% reduction increases as coral

reef restoration height and offshore wave height increases

(Figure 3), due to increased wave energy dissipation. However,

the reduction in R2%  is also dependent on the restoration location.

Restoration locations 1 and 2 (Figure 1) at 50 cm restoration height,

and restoration locations 1 to 3 with 100 and 150 cm restoration

height, lead to increases in R2% by initiating the wave-breaking

process farther offshore. This process also increases wave setup

inshore of the breakpoint over a larger portion of the reef.

Consequently, this amplified setup contributes to higher R2%

levels along the coastline. In contrast, restorations closer to the

shore (i.e., locations 8, 9, and 10 in Figure 2) more effectively reduce

wave run-up. These locations, positioned after initial wave breaking,

enhance wave dissipation and mitigate the impact of waves more

efficiently, leading to a notable reduction in R2% levels. This finding
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supports previous studies (Reguero et al., 2018; Roelvink et al.,

2021), which indicate that restorations near the shore are more

effective at reducing wave run-up due to their role in dissipating

wave energy after wave breaking.
4.2 2D wave-driven flooding

Based on our 1D calibrated and validated model results, we

developed a 2D model to study effects of restoration scenarios on

coastal flooding. The top 2% of the maximum wave-driven water

levels (h2%) along the coastline are presented in Figure 4. Nearly the

entire coastline within the study area is vulnerable to coastal

hazards from flooding (Figure 4), emphasizing the need for

effective coastal management strategies that can mitigate these risks.

The primary factors contributing to the variability in the

difference of maximum water levels between the current

unrestored and simulated restored reefs (Dh2%) are the changes

in bathymetry and the enhanced hydrodynamic roughness resulting

from coral restoration, which significantly influence waves and

wave-driven water levels (Figure 5).

Restoration sites located closer to the shore, particularly on the

west side of the study area, spanning the western-most 2 km of the

coastline (0-2 km alongshore in Figure 5), result in greater

reductions in maximum water levels (h2%) due to both the

proximity to shore and the height of the restoration. This pattern

is consistent with the results from the 1D model simulations (see

Section 4.1), which indicate that restorations near shore are more

effective at reducing R2%.

However, an increase in maximum water levels (h2%) is

observed in areas without restoration efforts. Specifically, over the

alongshore distance of ~2-4 km in the study area (Figure 5), where

the absence of restoration results in a lack of wave attenuation,

leading to an increase in flooding. This region represents a sandy

area between the western and eastern proposed hardbottom

restoration sites, and thus no restoration is proposed for this

section. Additionally, along the eastern portion of the study area
FIGURE 3

The percent change in run-up, R2%, at 10 restoration locations (Figure 1c) with (a) 25, (b) 50, (c) 100, and (d) 150 cm restoration height for three
storm scenarios (Table 1) compared to unrestored conditions. Positive R2% values indicate an increase in wave run-up, negative values indicate a
decrease. Larger restoration heights closer to the shore lead to a greater reduction in wave run-up for all storm scenarios.
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(approximately 8-10 km alongshore), the restoration efforts lead to

an increase in water levels. This could result in an elevated R2% and

further flooding, as shown in Figure 5, which may be exacerbated by

increased offshore restoration. The amplification of water levels in

these areas supports the findings of the 1D models, which suggest

that offshore restorations can contribute to increased wave energy

and flooding in these regions.
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5 Discussion and conclusion

Enhancing coastal resilience is essential for mitigating the

impacts of increased storm frequency and intensity, as well as

SLR, in the context of a changing climate. Although natural coral

reefs can provide coastal protection, reefs with reduced structural

complexity - from death of reef-building coral species and the
FIGURE 4

Maps displaying the top 2% of the maximum total wave-driven water levels for a (a) 10-, (b) 50-, and (c) 100-yr return period storm scenarios with
no coral reef restoration (i.e., present day bathymetry). The flood extent is compared to the coastline (black dashed line). The entire coastline is
vulnerable to flooding and for greater return-period storms, the amplitude of total water levels and inland extent of flooding increase.
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erosion of the underlying reef structure - may not provide the

coastal protection benefit possible in each situation. Ecological

restoration as part of NbS may be able to improve the coastal

protection functions, particularly on degraded reefs resulting from

climate change (Sheppard et al., 2005) or other stressors, such as

land-based pollution (Carlson et al., 2019). In this study, we utilized

a combination of field observations and numerical coastal

engineering modeling to assess the effectiveness of simulated reef

restoration efforts (i.e., location and characteristics of the

restoration features) to serve as NbS by improving the resilience

of the San Juan coastline to the impacts of storms and wave-driven

flooding. By incorporating future projections of SLR, this research
Frontiers in Marine Science 08
addresses critical gaps in understanding how restoration design

parameters—such as reef depth, location, and height—affect flood

risk reduction. Additionally, this study moves beyond theoretical

approaches by employing practical, case-specific modeling within a

real-world context.

The sensitivity analysis conducted on a 1D model reveals that

the dimensions and location of coral reef restoration efforts, as well

as hydrodynamic forcing conditions, can significantly impact

coastal flooding. Restoration scenarios extending onto the reef flat

(locations 4-7) decrease wave run-up, whereas restoration

implemented offshore of the reef flat (locations 1-3) is likely to

lead to increased wave-driven flooding. This increase in flooding
FIGURE 5

Difference between the planned coral reef restoration (Figure 1a) and no-restoration maximum water levels for the (a) 10-, (b) 50-, and (c) 100-yr
return-period storms and four restoration height (25, 50, 100, 150 cm) scenarios along the coastline represented by a gradient color line (see
Figure 1a). Restoration efforts have a greater impact on smaller storms with shorter return periods. Restorations closer to the coast (~300-700 m
offshore) over 0-2 km alongshore distance result in greater reductions in wave-driven coastal flooding.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1528460
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Familkhalili et al. 10.3389/fmars.2025.1528460
occurs due to the creation of elevated water levels (i.e., setup)

onshore of the reef flat. This effect promotes higher wave run-up,

though it should be noted that the model oversimplifies this process

by representing the restoration as an impermeable, elevated bed.

Furthermore, the 1D model does not include the 2D effects of flow

and longshore currents, which have the potential to modify wave-

induced setup. When considering the relative comparison of flood

levels rather than an absolute representation of flood risk, it

becomes apparent that restorations conducted on the flat reef and

farther inshore in closer proximity to the beach shoreline exhibit a

relatively larger influence in reducing wave run-up than farther

offshore, as was proposed by Roelvink et al. (2021). However, the

scope of restoration locations in this exercise were limited to areas

with hard bottom habitat in depths optimized for A. palmata

restoration, which restricted the spatial areas for restoration.

To address the 1D approach limitation and capture the complete

dynamics of wave-induced changes in the context of restoration, we

conducted a 2D modeling approach. This enhanced methodology

made it possible to provide a more comprehensive representation of

the complex interactions between waves, wave-driven water levels,

coral reef restoration efforts, and their impact on coastal flooding. Our

results indicate that increased hydrodynamic roughness from reef

restoration can reduce wave heights, wave run-up, and wave-driven

flooding. However, the specific location of restoration efforts can

influence these effects and can also potentially create conditions for

amplification of waves, wave-driven water levels, and resulting coastal

flooding. In addition, effects of restoration on run-up and flooding

decrease for higher energy, but less, frequent extreme events. In these

scenarios, the variability in the underwater topography (bathymetric

variability) becomes relatively smaller with increased water depth due

to SLR, resulting in reduced frictional wave dissipation and thus lower

variation in maximum wave-driven water levels.

The model results indicate that the preliminary design scenarios

for the potential coral reef restoration may not lead to a substantial

reduction in the maximum water levels, implying a limited

contribution to coastal protection. This result emphasizes the

need to include scenario modeling when designing restoration for

coastal protection: not all potential restoration locations or designs

may reduce coastal hazards. However, it is important to recognize

that the restoration of degraded coral reefs not only enhances their

coastal protection function but also helps prevent further loss of

coastal hazard risk reduction due to anthropogenic activities and

promotes ecological functions. Ecologically-oriented restoration

efforts that enhance reef habitats and restore threatened coral

populations can also contribute to maintaining or restoring the

geologic reef structure through accretion from deposition of coral

skeletal material. The continuing degradation of coral reef structure

poses a significant risk to coastal areas, as highlighted by Storlazzi

et al. (2021b). Successful restoration efforts are crucial as they can

prevent or slow down further degradation, thereby reducing the risk

to coastal communities.

This study’s approach and findings have practical implications

for coastal planning and management and provide decision-makers
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with key insights into identifying the most appropriate locations

and designs for restoration projects in terms of accounting for their

potential to mitigate flood risks. By quantitatively comparing

multiple restoration locations and elevations, this study helps

identify which designs offer the greatest flood reduction benefits

and contribute to enhancing coastal resilience, property protection,

and minimizing loss of life. Further studies are needed to fully

understand the realized functional benefits and cost-effectiveness of

coral restoration for flood reduction, as well as to develop successful

strategies for scaling up coral restoration efforts in a sustainable

manner. Recent studies provide valuable insights into the cost-

effectiveness of coral restoration for flood risk reduction on a

regional scale (e.g., Storlazzi et al., 2025). By incorporating these

findings into local-scale models, policymakers and stakeholders can

be better equipped to make informed decisions regarding coral

restoration and its broader economic and social impacts.
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