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Abstract: Increasing evidence suggests that coastal ecosystems provide significant protection against
coastal flooding. However, these ecosystems are highly impacted by local human activities and
climate change, which has resulted in reducing their extent and can limit their role in flooding
mitigation. Most studies dealing with the coastal protection offered by ecosystems focus on a single
ecosystem and, also seldom assess potential differences in protection with changes in status of
the ecosystem. Therefore, based on a Xbeach Non-hydrostatic numerical modeling approach, we
quantified the coastal inundation response to different combinations of ecosystems’ health statuses.
A combination of a fringing reef environment associated with a vegetated beach was chosen as this
pattern is typical of many low-lying areas of the Caribbean and tropical areas in general. Our results,
(1) highlight the potential of capitalizing on the combined impacts of multiple ecosystems on coastal
protection, (2) alert to the consequences of further destruction of these ecosystems, (3) demonstrate
the predominant role of vegetation with an increased sea-level rise and (4) provide strategies to limit
the deleterious effects of present-day and future reef degradation.

Keywords: total water level; coral reef; upperbeach vegetation; Xbeach; ecosystem status

1. Introduction

Increasing evidence promotes the effect of coastal ecosystems as a physical barrier
against waves and most importantly, their role in reducing the impact of coastal hazards.
For seagrasses, mangroves, kelp forests and marshes [1–4] as well as dune vegetation [5–7],
the attenuation is due to the drag force exerted on waves and the flow, when it crosses the
vegetation. Therefore, the wave attenuation for these types of ecosystems is dependent on
the plant properties such as height, width of patches and density as examples. For coral
reefs, the attenuation of waves is the consequence of breaking and bottom friction occurring
on the reef. The energy lost is significant for healthy reef systems, and can reach up to 97%
of the incident wave energy [8]. However, percentages of wave attenuation depend on the
reef properties such as the depth over the reef, the reef flat width and the reef state [9–12].
However, local human activities and global changes highly impact coastal ecosystems.
Consequently, their extent is being diminished which potentially reduces their role in coastal
protection [8,9]. In addition, future climate changes which can cause sea-level rise (SLR) is
expected to result in more frequent and severe flooding events [13]. Therefore, there is a
growing interest in implementing management interventions that may restore or enhance
the coastal protection value of these ecosystems. To facilitate this, a focused understanding
of the hydrodynamic processes involved in this ecosystem coastal protection service is
needed. Wave transformation over coral reefs has been extensively studied [14–16]. Some
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experiments have focused on the hydrodynamic processes induced at the shoreline level, on
reef-lined beaches, using direct field and modeling approaches [17–20], derived approaches
like metamodeling [10,21] or parametric equations based on reef properties [22,23]. A few
studies have also evaluated the potential effects of restoration efforts [24,25], or the impact of
reef degradation on coastal flooding [26–28]. Nevertheless, very few studies have examined
the combined effect of several ecosystems on the coastal dynamics [29,30] and to the authors’
knowledge, there is no study investigating the coupled role of coral reefs and upper beach
vegetation on the attenuation of maximum water levels. Additionally, relevant studies are
lacking that focus on the specific types of coral reef and upperbeach vegetation that are
commonly found on tropical beaches. In this paper, using a numerical modeling approach
and field measurements at a Guadeloupe island beach for calibration, the combined effect
of the coral reef and upperbeach vegetation on the waves and the maximum Total Water
Level (TWL) were analyzed. The influence of the ecosystem characteristics such as density,
coverage and relative morphological state was assessed using different ecosystems status
scenarios. Finally, the numerical experiment was repeated to investigate the impact of
SLR by applying the regional SLR expected for 2100 under the RCP8.5 (Representative
Concentration Pathway 8.5) scenario.

2. Site Description And Observations

Anse-Maurice is a pocket beach located on the eastern shore of Grande-Terre Island in
the Guadeloupe Archipelago (France) in the Lesser Antilles. The beach is about 200 m long
and between 5 and 20 m wide. The beach is comprised of mainly sandy sediments and
there is no dune system present. The nearshore area consists of a small reef flat bounded by
a narrow chaotic fringing reef. The reef is characterized by an assembly of mainly dead
colonies of Acropora palmata with an algae cover, although the bottom substrate remains
very complex compared to the adjacent substrate, with numerous structures of several
meters in height. The upper beach vegetation forms an ecological succession starting
with low-lying creeping vegetation on the shore-face (e.g., Ipomoea), followed by shrubs
(e.g., Coccoloba uvifera and Thespesia populnea) and trees (e.g., Terminalia catappa and Cocos
nucifera). The principal zone exposed to swash mechanisms is the low shore-face area
which is strongly exposed to human trampling. This trampling obstructs the development
of plants and seedlings from the trees which hampers the growth of a new generation of
trees. Such anthropic pressure is often described on upperbeachs [7], therefore, the French
Forestry Agency (ONF) implemented several vegetation enclosures to prevent the passage
of people in specific areas, and after a few years, dense vegetation was restored [31,32].
A net difference in the density and height of the lower layer of vegetation was observed
between areas inside and outside the enclosures. The site is exposed to strong Atlantic
swells during the winter (from December to March), to cyclonic swells depending on the
passage of cyclones during the North Atlantic cyclonic season (from July to November),
and to trade-wind generated swells all year round [33,34]. The area shows a semi-diurnal
micro-tidal range, with diurnal and mixed inequality. The still water level (η0) presents
a global mean amplitude of 0.25 m, with a daily range from 0.1 m, during neap tides, to
0.7 m, during spring tides [35]. Additionally, the sea level depends on non-tidal forcings.
In particular, an annual cyclical pattern is induced by steric expansion variations with an
amplitude of 0.16 m [36,37]. This cycle has its peak in October, which coincides with the
peak of cyclonic activity. Flooding events are mainly correlated with cyclones and their
associated swell and potential storm surge [38].

A low-cost (approximately 400 USD) Solarcam® video system was implemented in
April 2019 at the north of the site (Figure 1b). This device is programmed to take a picture
every 10 min and has already been used for diverse coastal monitoring purposes [39,40].
In this study, a dataset of 2 years and 10 months (1045 days) has been analyzed. The
position corresponding to the maximum swash of each day was extracted from georectified
images along the profile line shown in Figure 1b. Additionally, two field campaigns were
conducted to collect hydrodynamic data. The first of these was undertaken in October



J. Mar. Sci. Eng. 2023, 11, 620 3 of 20

2020 and the second one from August to October 2021. For each campaign, three pressure
sensors were installed on a cross-shore profile to evaluate wave transformation through
the reef (Figure 1b,c). A sensor was positioned on the front reef (hereafter called “FR”), a
second on the reef crest (hereafter called “RC”) and a third on the reef flat (hereafter called
“RF”). In Figure 1b, the sensors are labelled using the abbreviation based on the location of
the sensor, and the year of data collection. For a detailed description of the tools, sampling
strategy and analyses of this field dataset, see [36].

Figure 1. (a) Anse-Maurice beach location map (b) Map with sensor locations (red, black or green
markers), profile line (red line), camera location (grey rectangle), and camera field of view (red area).
Beach and nearshore profile (c) showing the reef and upperbeach vegetation areas as well as the
location of field measurements with pressure transducers.
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3. The Numerical Model
3.1. Model Description

Xbeach is an open source numerical model developed to simulate nearshore processes,
including hydrodynamics and morphodynamics [41]. So far, it has been successfully
used in numerous environments, mainly sandy and gravel coasts but also in shores with
vegetation [42] and reef-lined beaches e.g., [11,18,20,28,43]. In this study, the fully resolving
mode called “non-hydrostatic” was used; hereafter this mode is referred to as XB-NH. It
can resolve wave motions for very low frequency waves (VLF, wave frequency < 0.004 Hz),
infragravity waves (IG, 0.004 < wave frequency > 0.04 Hz), short waves (SW, typical wave
frequency > 0.04 Hz) and depth-averaged flow using non-linear shallow water equations
with a non-hydrostatic pressure correction term [44]. This XB-NH mode was selected as it
gives the best prediction of extreme runup events [20]. The model may also be used on a 2D
horizontal grid or a 1D grid. The latter option was selected to reduce the computational cost,
based on the number of simulations that was required for this investigation. Xbeach also
has a morphology module that can assess the erosion associated with storm conditions; but
this option was not used in this study. When using XB-NH, several parameters may be used
to calibrate the model; particularly in the presence of coastal ecosystems. The coral reef is
often represented using a suitable friction coefficient (C f ), which represents the rugosity (or
complexity) of the sea bottom that is not well-resolved by the bottom layer. This mimics the
obstruction to the flow provided by the ecosystem’s features that are smaller than the model
grid size, such as the coral colonies. Thus, the C f value applied to coral reefs is generally
greater by about an order of magnitude when compared to a sandy surface. The C f value
may be chosen by relying on previous research, by applying values that correspond to the
morphologic area (e.g., reef slope and flat), by the nature of the bottom (e.g., sand and
coral) or even by coral living percentages [11,28,45]. Empirical parameterization using
a range of possible C f values and comparing against field measurements may also be
used [20,46]. In this study, the commonly used C f value for sand (i.e., 0.001) is applied to
areas where coral is absent (i.e., along the black line segment on the profile in Figure 1c).
An empirical parameterization for coral areas is then undertaken to find a single C f value
that best represents the local hydrodynamics (see Section 3.2). A typical C f range from
the literature was applied and the best-fit C f value, when compared with the data, was
selected for further analysis. For the vegetation, an additional layer on top of the bottom
layer may be added. The vegetation is schematized as rigid horizontal cylinders as in most
models e.g., [42,47,48]. The length of the cylinders (ah), their diameter (bv), their density
(N) and their associated drag coefficient (Cd) are customizable. However, the effect of
vegetation flexibility on the flow is not accounted for in this approach. The Cd parameter
is more suitable for use during calibration as all other parameters correspond to physical
plant properties that may be directly measured on site.

3.2. Model Calibration

A representative profile of the study area was extracted for the modeling experiment
(Figure 1c) from a Lidar dataset [49]. The coral reef and upperbeach vegetation parame-
terizations were calibrated using offshore conditions and on-site measurements. Offshore
wave conditions were extracted from the spectral wave model (WW3) simulations provided
through the MARC platform (https://marc.ifremer.fr/, accessed date: 13 March 2023) by
the IFREMER. Sea-level conditions were extracted from the tide gauge located at Pointe à
Pitre (https://data.shom.fr/, accessed date: 13 March 2023). Local storm conditions were
extracted from the MARC model dataset, considering storm events occurred when the
significant wave height, Hs, exceeds 2.3 m. An Hs of 2.3 m represents the 95th percentile
wave height based on the time window of the camera observation period (i.e., 1045 days)
which started on 14 April 2019 and ended on February 2nd 2022. Six (6) events (two (2) of
which were above the storm threshold of 2.3 m and four (4) additional events which were
slightly less energetic events) were extracted for the field measurement periods. A further
sixteen (16) events were selected for the entire camera observation period, thus making a

https://marc.ifremer.fr/
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total of twenty-two (22) events. Waves and sea-level conditions, at the peak event, were
used to force the XB-NH model. Table 1 summarizes hydrodynamics at the peaks of all
22 events, where events 1 to 6 correspond to the field measurement periods. Other than
Hs, Table 1 shows the peak wave period, Tp, the peak wave direction, Dp, and the daily
maximum in TWL, dTWL.

Table 1. Hydrodynamic inputs used for XB-NH model validation. It comprises peak conditions for
the still water level (η0), the significant wave height (Hs), the peak wave period (Tp), the peak wave
direction (Dp) and the daily maximum still water level (dTWL)

Peak Conditions

Event id Peak Date η0 (m) Hs (m) Tp (s) Dp (°) dTWL (m)

1 2 October 2020 21 h 0.27 2.27 8.77 73.00 0.80
2 15 October 2020 21 h 0.23 1.78 7.94 80.00 0.80
3 29 October 2020 21 h 0.18 2.39 9.01 81.00 0.90
4 28 August 2021 21 h 0.30 1.79 8.13 72.00 0.65
5 6 September 2021 21 h 0.25 2.94 9.56 75.00 0.60
6 30 September 2021 21 h 0.25 2.08 11.63 67.00 0.60
7 17 December 2019 21 h 0.22 2.63 9.43 72.00 0.63
8 13 January 2020 15 h 0.04 3.63 10.64 63.00 0.78
9 8 February 2020 18 h 0.22 2.68 8.47 71.00 0.45

10 25 July 2020 12 h 0.32 2.30 8.77 70.00 0.92
11 29 July 2020 15 h 0.25 3.62 11.11 80.00 1.07
12 19 September 2020 00 h 0.18 3.33 12.26 75.00 1.54
13 24 December 2020 18 h 0.34 2.49 8.77 72.00 0.70
14 1 January 2021 03 h −0.11 3.06 9.09 48.00 0.52
15 18 February 2021 15 h −0.03 2.65 8.70 70.00 0.20
16 28 February 2021 15 h −0.20 2.42 8.40 69.00 0.12
17 31 March 2021 06 h 0.17 2.45 9.01 78.00 0.70
18 17 June 2021 15 h 0.28 2.45 8.62 74.00 0.88
19 2 July 2021 18 h 0.14 3.36 9.17 80.00 0.70
20 12 July 2021 00 h 0.21 2.00 9.00 83.00 0.52
21 23 August 2021 06 h 0.42 2.32 8.40 68.00 0.75
22 18 December 2021 09 h 0.17 2.60 9.35 75.00 0.57

For all events, the maximum TWLs modelled were compared to the TWL extracted
from the camera. Additionally, events extracted during the wave measurement periods
(event 1 to 6) were used for further calibration. Indeed, the SW, IG, and VLF bands
and η (wave setup) between the model and the on-site measurements were compared at
each sensor position (i.e., FR, RC, and RF). η is the increase in mean water level due to
wave-driven mass transport on the reef flat. It is caused by wave breaking and radiation
stresses. As the C f value is critical for interpretation of the results and to validate the
most relevant coral parameter based on the literature review, a specialized calibration
test was completed. On sandy areas, C f was assigned a fixed value of 0.001 according
to [11]. For the coral reef area, a C f range between 0.001 and 0.15, with increments of 0.01,
was assessed. Each C f parameterization was modelled for each of the storm conditions
identified in Table 1. A comparison was made between the modelled and the measured
wave heights at the different reef locations and for different wave frequency bands for
events 1 to 6. The modelled TWL results were then compared with the video-derived
TWL for events 7 to 22, and the free surface measurement on the RF for events 1 to 6. The
TWL from the camera was extracted on a profile without vegetation to avoid potential
interactions between ecosystems. The mean error between the measured and the simulated
TWL value was calculated for all events for all simulations (Figure 2). The global TWL was
affected by the magnitude of the friction coefficient (Figure 2k). The IG (Figure 2e,h) and
VLF (Figure 2h,i) waves on the reef crest and reef flat were also affected by the C f parameter.
On the opposite, SW presented a mild change with friction increasing (Figure 2b,c). There
was also an insignificant influence of the C f parameter on the η observed (Figure 2j). A
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C f value of 0.09 was selected as it coincides with the lowest mean error for the TWL and
shows only small errors with the hydrodynamic parameters, especially on the reef flat.

For calibrating the vegetation cover parameterization, only the events exceeding the
vegetation limit (event 8, 11, 12, 18, 19 and 21) were used (Table 1). Thus, for those events, a
vegetation layer was added to the modelled profile and compared with the camera-derived
TWL. In Xbeach, four vegetation characteristics can be adjusted (see Section 3.1). As Ipomoea
pes-caprea represents the vast majority of the front layer of vegetation, the calibration was
focused on this type of vegetation cover. Such vegetation is mainly crawling with horizontal
stems and the schematization of vegetation as vertical cylinders in Xbeach is not directly
suitable. Thus, the values of ah, bv and N were assigned using both on site observations
and the literature [50] with values respectively of 0.3 m, 0.02 m, and 30 number of stem by
meter. Additionally, the leaves of Ipomoea are particularly wide, which may impact the flow
but this was not accounted for in the model. Nonetheless, the parameters associated to
the vegetation observed on site were retained and the calibration of the Cd coefficient was
used to match as close as possible with the observations. Simulations were first completed
with Cd values ranging from 0.01 to 3, in increments of 0.5. These increments were reduced
around values with the lowest error and a Cd value of 1.25 was finally selected (Figure 3)
for the next simulations. This numerical experiment on a range of Cd values illustrates that
the Cd parameter has little impact on the TWL.

Figure 2. Cont.



J. Mar. Sci. Eng. 2023, 11, 620 7 of 20

Figure 2. Measured versus predicted hydrodynamic parameters and TWL depending on the bottom
friction coefficient (C f ). Error between measured Hrms/modelled Hrms, (a,d,g) on the front reef
position, (b,e,h) on the reef crest position, and (c,f,i) on the reef flat and (a–c) for SW band (eHrmsSW),
(d–f) for IG band (eHrmsIG), and (g–i) for VLF band (eHrmsVLF). (j) Measured/modelled wave-setup
(η) in the reef flat. (k) Camera-derived total water level (TWL) against modelled TWL. On graphs (a–j)
only the 6 events extracted from field measurements are plotted. On graph (k) the 16 storms extracted
from the whole camera dataset are also plotted. The bold black line with diamonds represents the
mean error on all storms for each C f value modelled. The red circle on each plot indicates the C f
value (0.09) chosen after calibration.

Figure 3. Total water level (TWL) error for the event exceeding the vegetation, and the mean error for
each drag coefficient (Cd) coefficient value modelled.
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3.3. Model Strategy and Scenarios
3.3.1. Offshore Forcing

Once the model parameterization was calibrated based on observed events, a set
of synthetic offshore hydrodynamic forcings was simulated. Hydrodynamic parameters
include the still water level, η0, and offshore waves parameters (e.g., Hs and Tp). To
establish a range for the η0, a storm surge range was added to the calm condition sea-
level range. The calm condition sea-level range was developed using the Pointe-à-Pitre
tide-gauge and values ranged from −0.3 m to 0.5 m, in increments of 0.2 m, in the local
altimetric system. The maximum value of the storm surge range was defined using the
100-year return period storm surge [38] at the offshore point of the model profile. Thus, a
range from 0 m (no storm surge) to 1 m, with sampling intervals of 0.2 m, was used. The
global η0 thus had a range from −0.3 m to 1.5 m with sampling intervals of 0.2 m. For
wave forcings, the 100-year return period was also used as the maximum boundary and
common wave condition for the minimum boundary. Thus, Hs had a range from 2 m to
12 m, and a Tp range from 6 secs to 18 secs was applied. By combining the η0, Hs, and Tp
ranges, a set of 1463 unique hydrodynamic conditions were created with all the various
combinations. Unlikely combinations of Hs and Tp were filtered using wave steepness,
H0/L0 where H0 is the offshore significant wave height and L0 the offshore wave length,
defined as the following:

H0/L0 =
Hs

g
2π T2

p
(1)

where g represents the gravity in m/s2. Hs and Hs pairs with an H0L0 value lower than
0.005 or higher than 0.05 were rejected [10,21]. After filtering in this way, 1007 hydro-
dynamic scenarios remained. Each hydrodynamic condition was simulated on a 1024-s
burst (17 min) which corresponds to the burst duration of the pressure sensors used in the
validation. Additionally, the simulations were repeated with an addition of 0.82 m of η0
to account for sea-level rise in Guadeloupe Island. This 0.82 m magnitude corresponds
to the IPCC (Intergovernmental Panel on Climate Change) RCP 8.5 scenario of SLR by
2100 in Guadeloupe [51]. This quite pessimistic scenario which corresponds to continued
increase of greenhouse gas emissions, was selected to better assess the critical potential
future changes in coastal inundation that could occur at reef-lined beaches.

3.3.2. Ecosystem Status

To depict differing states of the coral reef and upperbeach vegetation, three param-
eterizations were chosen corresponding to variable states: (1) reference ecosystem state
derived from observations, (2) a deteriorated state, and (3) an enhanced state. For the coral
reef, two parameters were used: the bottom friction C f and the depth over the reef (bottom
layer elevation). Both parameters influenced the wave attenuation by the reef. The specific
influence of C f is visible through the validation (Figure 2k) as increasing values of the
coefficient gradually increase friction effect and so reduce the TWL. The effect of the water
depth over the reef may be roughly assessed by looking at the impact of the storm used for
the validation (Table 1). Indeed, events 1, 2, 3 or 18 for example, present similar incident
wave conditions and η0 of 0.18 m or above. These conditions generated TWL of around
0.8 m while more energetic events 14, 15 and 16 but with η0 ranging between −0.2 m and
−0.03 m only generated a TWL ranging from 0.12 m and 0.5 m. For the reference ecosystem
state, the results from the validation were used with a C f value of 0.09 and the bottom
layer extracted from the lidar. For the degraded state, a C f value of 0.05 was applied and
0.2 m water depth was added at the position of the reef. The objective of this was to imitate
a further smoothening of the reef in case of further death of coral colonies as well as a
destruction of skeletons. At the opposite, for the enhanced state, a C f value of 0.13 was
applied as well as a decrease of 0.2 m in water depth. Here, the objective was to mimic
a reef development up to a healthy state with highly developed living coral colonies. C f
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values for the degraded and enhanced states were chosen to be equally spaced from the
reference ecosystem state (i.e., 0.09) and to be coherent with values from other sites in the
literature [27,28,30]. Regarding the bottom changes, even though some coral species may
reach growth rates exceeding 0.1 m/yr (e.g., Acropora) [52–54] a quite moderate change in
bottom elevation was applied to match with a net coral development over nearly a decade.
For the degraded state, an equally opposite change was applied to match the potential
erosion of reference structures over approximately a decade. To support this assumption,
one can refer to [55] who used the seafloor evolution over several decades and estimated
the mean seafloor loss in coral reef ecosystems to be between −0.015 m/yr and 0.063 m/yr
on 5 sites; 4 of which were in the Caribbean.

For the vegetation, the height (ah), the density (N) and the drag coefficient (Cd)
were used to model the changes. The Cd, N and ah parameters were adjusted for the
various vegetation states assessed. The Cd parameter had only a minimal effect on the
TWL modulation as highlighted in the calibration procedure (Figure 3). For the reference
ecosystem state, the results from the validation were used where ah = 0.3 m, bv = 0.02 m,
N = 30 and Cd = 1.25. For the enhanced status configuration, a density of 2 times the
reference value (i.e., N = 60) was assumed, an additional 0.1 m in vegetation height was
projected (i.e., ah = 0.4 m) which corresponds roughly to most developed patches on the site
located inside the enclosures, and the drag coefficient was also enhanced to a Cd = 2. This
increased Cd value aims to represent an increase in vegetation complexity and density. For
the degraded scenario, the vegetation was simply removed. It represents a configuration
where human trampling has resulted in the complete destruction of the vegetation. In fact,
upperbeach vegetation is already absent at many cross-shore locations at the study site.
Figure 4 schematizes the overall modeling experiment.

3.3.3. Post-Processing Modeling Outputs

Nine ecosystem configurations were modelled in this numerical experiment, and by
combining these with the 1007 set of hydrodynamic conditions, resulted in 9063 config-
urations in total. The TWL components fall into two categories, steady components and
dynamic components. The steady component is comprised of η0 and η, and the dynamic
component is the swash which may be disaggregated considering: (i) short saves (SW)
associated with frequencies higher than 0.04 Hz, (ii) infragravity-waves (IG) associated
with the frequencies between 0.004 and 0.04 Hz and (iii) very-low-frequency waves (VLF),
associated with frequencies lower than 0.004 [56–58]. The TWL spectra at the shoreline
level was extracted for each burst, and the 2% exceedance was computed for the total TWL
(TWL2%) and for each frequency band (SW2%, IG2%, and VLF2%) [10,20]. Parameters were
finally compiled and compared according to the associated ecosystem combination. In
order to highlight the effect of ecosystem changes on the TWL2%, outputs from each ecosys-
tem scenario were compared to the reference case (based on the current state). Average and
maximum values of TWL2% were compared as well as the whole distribution of TWL2%.
For the latter analysis with the entire distribution, quantiles were used. Thus, each TWL2%
distribution data was subdivided in 100 equal parts so that the p-th quantile is the value
greater than p % of the other values. Each quantile was then compared to its equivalent in
the reference case.
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Figure 4. Global modeling strategy flowchart. The incident conditions are detailed in the blue box
which include ranges for the still water level (η0), the significan wave height (Hs) and pek period
(Tp). Ecosystems characteristics are detailed in the the green box. It includes the bottom friction
coefficient (C f ) and the bottom layer change (dZ) for the coral reef and height (ah), stems diameter
(bv), number of stems per linear meter (N) and drag coefficient (Cd) for the vegetation. The middle
box schematizes modeling profile and output extractions. The lower box schematizes analyses
performed on model outputs.

4. Results
4.1. Impact of Ecosystems Status on TWL2%

Firstly, the distribution of the output variable (TWL2%) in relation to the forcing vari-
ables (Hs, Tp, and η0) was examined. As an example, Figure 5 represents the results of
all hydrodynamic combinations (i.e., the 1007 scenarios) for the reference ecosystem con-
figuration state (identified as case 5). The most extreme flooding events (TWL2% near to
3.5 m), are associated with the most intense waves and higher values of η0. Figure 5b rep-
resents the structure of the modeling experiment; it shows all the hydrodynamic scenarios
where several random pathways are highlighted in black for illustration. Figure 5a gives a
different visualization of the input hydrodynamic conditions and the associated output
TWL2%. To estimate the respective influence of the incident variables on the TWL2%, we
calculated the linear correlations for all ecosystem configurations. TWL2% appears to be
firstly controlled by η0 (on average R2 = 0.74 over all ecosystem configurations), then Hs
(on average R2 = 0.61) and lastly Tp (on average R2 = 0.40).
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Figure 5. Entire set of modeling scenarios (triplet Hs, Tp, η0) and results for reference coral reef and
upperbeach vegetation configuration. Three-dimensional scatter (a) and parallel (b) plots with input
variables Hs, Tp, and η0, and output variable TWL2%. The color scale is the same on both graphs.
Four random paths on (b) are highlighted (black lines).

The entire distribution of TWL2% was calculated to highlight the control of ecosystem
status on the TWL2% (Figure 6). For each configuration, the white point indicates to the
average TWL2% for all hydrodynamic conditions. The reference ecosystem configuration
(case 5) shows a peak at 3.5 m and an average value of TWL2% of 1.6 m. The configuration
with both ecosystems in degraded status (case 1) presented the highest TWL2% values
with peaks reaching near 6 m (i.e., +47.3% in average compared to reference configuration)
and the configuration with both ecosystems in better status (case 9) had the lowest values
with a maximum at 2.75 m (i.e., −28.6% in mean compared to reference configuration).
Assuming constant coral reef status, the configuration with the degraded vegetation shows
higher TWL2% peak values (e.g., case 4). Assuming a constant vegetation status, the coral
reef status affects the whole TWL2% distribution (e.g., case 2). This assessment is verified
in Figure 7 which represents the difference in quantiles for each ecosystem configuration
against the reference case. From this figure, we see that when the vegetation status is
changed, the difference between the reference case increases with the higher quantiles.
It means that for low values of TWL2%, the difference with the reference ecosystem is
low while for high values of TWL2%, the difference is important. In other words, the
vegetation effect is particularly efficient for the highest TWL2%. This is simply because the
vegetation limit is not reached for every condition. Thus, the vegetation may affect the
TWL2% only when it is reached, typically for the highest incident conditions. Just to note
for the reference case (case 5), of the 1007 hydrodynamic conditions, 879 (87%) actually
reached the vegetation limit. By looking at the configurations where only the reef status
changes (cases 2 and 8), we observe the same mechanism but to a lesser extent. Certainly,
the difference is already significant for the lowest values of the TWL2% quantiles but slightly
increases for higher values. Furthermore, it is noted that the combination of a degraded
and an enhanced ecosystem has a beneficial effect on the resulting TWL2% (cases 3 and 7).
The configuration of a degraded coral reef and vegetation in enhanced status (case 3) led to
TWL2% very close to the reference and even a reduction for highest quantiles. The opposite
configuration (case 7) presented even better results with a slightly improved attenuation
for every quantile except the most extremes ones. Lastly, these results suggest that the
loss of both ecosystems (case 1) would potentially increase TWL2%, approaching 2 m for
upper quantiles, while an improvement in both ecosystem statuses (case 9) would lead to a
decrease, approaching 1 m.
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Figure 6. TWL distribution for each ecosystem configuration. The means are represented by a white
point and portions between the first (0.25) and third (0.75) quartiles in the darker green color. Each
ecosystem configuration is presented as pictograms to represent the status of the ecosystem (the red
pictograms are for the degraded ecosystem state, the white for reference or current ecosystem state
and the green for the enhanced ecosystem state).

Figure 7. TWL2% differences against reference configuration expressed with quantiles. Values greater
than reference are represented in red and values lower than reference in green. Each ecosystem
configuration is presented, pictograms represent the status of the ecosystem. The arrows give the
scale of a difference of one meter on the X axis.

To further examine the evolution of the TWL2% differences with the reference case,
we analyzed its variations with the incident conditions (Figure 8). We chose to focus
this analysis on η0 and Hs as Tp is weakly correlated to the TWL2%. This assessment
provides further information on the impact of ecosystem status on the TWL components.
The evolution of TWL2% with coral reef status appears poorly related to the η0 but well
correlated with the Hs (e.g., Figure 8: cases 2, 5 and 8). For the most extreme Hs, and
against the reference case, a TWL reduction exceeding 0.5 m was observed for the enhanced
reef (case 8) and a TWL2% increase exceeding 0.5 m was obtained for the degraded reef
(case 2). The evolution of TWL2% with the vegetation status is correlated with both η0
and Hs (e.g., Figure 8: cases 4, 5 and 6). Thus, for the strongest incident conditions, and
against the reference case, a TWL2% decrease of up to 0.25 m was observed for case 8, and
an increase of up to 0.5 m for case 4. Mixed ecosystem configurations induced a particular
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TWL2% response. Indeed, the case 3 configuration provides a TWL2% amplification for
the lowest values of incident η0 conditions up to mid-range and an attenuation for the
second portion of the η0 range. Whereas the case 7 configuration presents an attenuation
of TWL2% for η0 up 0.5 m but an increase in TWL2% above this threshold. This processing
verifies observations made in Figure 7 and adds new elements to the understanding of the
influence of Hs and η0 on TWL2%.

Figure 8. Difference in TWL2% relative to the reference case as a function of η0 and Hs, the differential
color is then expressed in meters. Pictograms represent the status of the ecosystem. On the figures
(a–i), coral reef status changes from bottom to top, and the vegetation status from left to right.

4.2. Influence of Ecosystems Status on TWL2% Components

For all simulations, the different components that are involved in generating the
TWL2% are separated in order to evaluate their relative contribution (Figure 9). For the
steady components (Figure 9a), the η0 is constant over all configurations as it is an input
parameter; it corresponds to an offshore TWL which applies regardless the ecosystem.
The η varies weakly and seems mainly correlated with coral reef status only. For the
dynamic components (Figure 9b), the IG waves dominate for all configurations with a net
attenuation depending on coral reef status. VLF waves follow the same behavior as the
IG waves. However, the SW band is influenced by both the vegetation’s and the coral
reef’s statuses. Consequently, from the worst-case scenario (case 1) to the best-case scenario
(case 9), the mean relative contribution of the dynamic component decreases comparatively
to the steady components (Figure 9c). Thus, on all configurations with an enhanced reef
(cases 7, 8 and 9) and on configurations with the reference reef and enhanced or reference
vegetation (cases 5 and 6), the steady component dominates in average values and extremes.
On configurations with reference reef and degraded vegetation (case 4) as well as with
degraded reef and enhanced or reference vegetation (case 3), both components are close on
average and for extremes. In the worst-case scenario (case 1), the dynamic component is
clearly dominant on average and for extremes.
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Figure 9. (a) Steady components (η and η0) of the TWL2%, (b) Dynamic components (SW, IG and
VLF) of the TWL2%, (c) Global dynamic and steady components of the TWL2%. The dots represent
the mean for each variable and ecosystem status. The shaded areas represent the distribution for
each variable. Each ecosystem configuration is represented, and ecosystem status is indicated by the
pictograms on the left.

5. Discussion
5.1. Coral Reef and Upperbeach Vegetation Impact on Coastal Flooding

In this study, a quantitative assessment of the effect of different states of coral reef
and upperbeach vegetation on TWL was provided where the various states reflect the
different structural composition of the ecosystems. Although the schematization remains
simplified, the combination of the two ecosystems in numerical modeling is innovative
and provides new elements on the understanding of the physical processes. The depiction
of the bottom complexity, through directly applying a value of the associated frictional
coefficient for modeling, still constitutes a scientific challenge. In this study, an empirical
approach based on existing literature was used to determine the relevant coefficients (i.e.,
C f for the coral reef and Cd for the vegetation). Scenarios with the different ecosystem’s
statuses are understandably theoretical. However, they strive to reproduce realistic changes
that have happened in the past and may happen in the future, on a decadal timescale.
These scenarios were based on existing literature [27,28,30,52–55] and the empirical obser-
vations of the characteristics of the coral reef and vegetation observed on site. With such
parameterizations, results clearly indicate the importance of the ecosystem’s status on the
resulting TWL2%. A change in the ecosystem status has limited influence on the steady
components of the TWL2%, even though η is slightly lower for degraded reef scenarios. This
statement was already made by [43] who argued that the reduction of bottom friction has
limited effect on η. It is here hypothetized that the lowered observed setup is principally
a consequence of the change in bottom elevation (dZ) and the wave breaking resulting
from that change. Conversely, the dynamic (wave-induced) components present a clear
response to ecosystem changes with lesser intensity on enhanced ecosystem configurations
and higher intensity on degraded ecosystem configurations. Consequently, the proportion
of the dynamic components is greater for degraded scenarios than for enhanced scenarios.
Additionally, the two ecosystems have a variable influence on the TWL. A change in the
coral reef structural status affects the overall distribution of TWL2% (cases 2 and 8 on
Figures 6 and 7) an observation which was also made by [30], and our results show a
slightly larger influence on the most intense TWL2%. However, a change in the vegetation
status only affects the most intense TWL2% (cases 4 and 6 on Figures 6 and 7). The loss (case
2 on Figure 8) or gain (case 8 on Figure 8) in the coral structure influences the TWL2% such
that it increases almost linearly with Hs. This signifies that the wave attenuation by the reef
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is particularly efficient for strong waves. These results differ from those of [29] where the
loss of reef impacted the runup for storms with return periods of one to five years, while al-
most no change was noted for the most extreme storms. We hypothetize that the difference
from the previous study is the result of the choice in reef state change parameterization. In
their study [29], coral degradation scenarios were created by reducing the elevation of the
bottom layer to specifically evaluate the influence of this reef state parameter. However, in
our experiment both the bottom elevation and rugosity are varied. In the current study,
the coral status particularly impacts the low frequency components of the TWL2%. Indeed,
for case 2 (i.e., the degraded reef status) led to significant augmentation of the mean and
maximum IG and VLF contribution (+40% mean IG contribution), while for case 7 (i.e.,
the enhanced reef status) reduced IG and VLF contribution (−25% mean IG contribution).
However, the SW contribution did not vary significantly. Moreover, as was highlighted by
the C f coefficient calibration, the bottom friction mainly affects low-frequency waves. This
observation of an increasing IG contribution with reduction of reef smoothness had also
been highlighted by another study [59,60]. Furthermore, in a metamodel experiment, [10]
demonstrated that η0 is correlated with the IG wave band. The degraded coral reef cases
(cases 1, 2 and 3) have a low C f value which is associated with a greater water depth
over the reef and suggests an augmented contribution of low frequency waves for these
scenarios. Therefore, it is crucial to evaluate the potential changes in reef elevation and
roughness when assessing the impact of coral reef state on TWL, as these results highlight
their significance. Overall, the destruction of current coral structures would lead to further
dominance of low frequency waves in generating the highest TWL.

Previous research has extensively investigated the impact of various vegetation ecosys-
tems, such as mangroves, seagrasses, salt marshes, and dune vegetation, on coastal hazards.
However, the effects of tropical upperbeach vegetation have received little attention [50,61].
This study aims to address this gap by quantifying the role of upperbeach vegetation in
reducing total water level (TWL) and highlights the importance of preserving or restoring
this vegetation in reef-fronted beaches. Specifically, this research emphasizes the crucial
role played by upperbeach vegetation in limiting the extent of swash inland, thereby
reducing the risk of flooding. It was noted that the vegetation was reached for 879 hy-
drodynamic conditions of the 1007 scenarios of the reference case (case 5), which means
that the vegetation does not interact with incident conditions of mild intensity. When the
vegetation is effectively crossed, the dampening of the flow is correlated with the distance
of vegetation crossed by the flow. As evidenced in Figures 6–8 (cases 4, 5 and 6), vegetation
mainly affects extreme values of TWL2% (associated with the highest incidents eta0 and
Hs). These more energetic conditions lead to further propagation of the swash inland and
so result in an increasing interaction with the upper beach vegetation. The importance
of the vegetation width on the attenuation has also been highlighted for other vegetation
types like mangroves and seagrasses [2,62]. Even though vegetation status demonstrated
a significant effect on all frequency bands, it induced a greater response in the SW band,
showing a mean change of around +/− 45%.

Finally, the literature has not extensively explored the impact of combined ecosystems
on nearshore hydrodynamics [29,30] particularly in the case of coral reefs and upper
beach vegetation, a configuration commonly found on tropical shores. In this study, this
study sheds light on the specific response of TWL2% to various combinations of upper
beach vegetation and coral reefs in different statuses. Combining an enhanced reef with a
degraded vegetation (case 7) led to an attenuation of TWL2% for low and moderate offshore
conditions, and a slight increase for the most extreme wave and η0 conditions. Combining
a degraded reef and healthier vegetation (case 3) yields the opposite, where the attenuation
by the vegetation becomes more efficient when the η0 exceeds 1 m, regardless of the Hs
offshore (Figure 8i). In such a situation, the vegetation width that is crossed by the swash
is expected to be larger, enhancing the attenuation effect.
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5.2. Expectations for Changes in Coastal Flooding in the Future

This numerical experiment included the investigation of a RCP8.5 SLR scenario for
2100 as hydrodynamic input and assessed the future impact of different ecosystems’ health
status in coastal inundation (Figure 10). The SLR scenario adds an additional elevation
of 0.82 m to the η0 for each hydrodynamic condition. Even though the TWL2% increased
for all ecosystem configurations under this sea-level rise scenario, the increase differed
among ecosystem configurations. On the reference scenario, the average TWL2% increased
by 0.8 m and the maximum TWL2% increased by 0.35 m. For the cases with different reef
statuses (refer to cases 2, 5 and 8), the augmentation compared to present day simulations is
particularly important for the enhanced reef configuration (case 8). Since wave filtering by
the reef is depth-dependent [10–12], this drastic depth addition decreased the reef’s ability
to dampen the waves. With the RCP8.5 SLR scenario for 2100, the TWL2% associated with
the enhanced reef almost reached the reference scenario TWL2% levels. This indicates that,
in the future, the wave transformation by the reef will decrease over time regardless of the
state of the reef. The only way to maintain a constant level of protection would be to have a
coral growth able to keep up with the rate of sea-level rise. Studies have proved that some
healthy reefs may achieve that [63,64] but the current dynamics of most Caribbean reefs
is not sufficient to support this “keep-up” growth [65]. The enhanced case here acts as a
moderate adaptation to the SLR with realistic coral reef growth rate. [9] identified the reef
complexity as the main control on wave energy dissipation on future reefs under SLR. Here,
we saw that even our best case scenario of coral reef state (case 8) under SLR is not enough
to sustain the same level of protection compared to the present day reference (case5).

It was observed that the degraded vegetation status shows great differences in com-
parison to their present-day equivalent. As the reef protection is reduced for the SLR
scenarios, the remaining energy reaching the shoreline level is more important, and the
role of the vegetation in TWL2% attenuation is greater as the vegetation is reached more
frequently. Thus, its disappearance leads to a drastic increase in TWL2%. For this modelling
experiment the vegetation is simplified to a fixed simple vegetation layer. The erosion
of the vegetation layer that may occur during storms is not accounted for, which could
overestimate the role of the vegetation during storm events. However, to provide a more
realistic case, the vegetation position has been moved back compared to present-day simu-
lations to a position that accounts for the SLR (+0.82 m). The vegetation that develops at
this position is of a different type and increased complexity. It comprises a crawling layer,
but also includes shrubs and trees. This combination of vegetation is more prone to resist
storm erosion and would provide a greater obstruction to swash propagation. Our results
indicate that the vegetation could partially compensate for the loss of coral reef, which is
crucial information in a context of global coral disappearance. In addition, the experiment
using the RCP8.5 SLR scenario revealed a loss in coral reef wave attenuation even for the
enhanced reef configuration.

5.3. Planning Recommendations

Significant evidence states that coral reefs will suffer from the effects of climate change
and in particular sea temperature rise, which will trigger more frequent bleaching events.
Caribbean reefs have been suffering for a few decades and are declining all over the
region [66,67]. If this trend continues, the nearshores of reef-lined beaches are expected to
become smoother and deeper over time. Our results indicate that, in the case of coral reef
degradation, the loss of the coral reef attenuation impact on waves and the TWL may be
partially compensated for by upperbeach vegetation, assuming the vegetation retains its
capacity to resist extreme events and mitigate against coastal flooding. Actions to establish
new corals or restore coral reef health are expensive and may be fated to fail if the main
drivers affecting the reef are global in nature. Restoring vegetation is easier, cheaper and
much quicker in achieving effectiveness than restoring coral reefs [68,69]. In addition, even
though the vegetation may be affected by storms, the natural recovery process is usually
quicker than for corals; in particular, in the tropical context where crawling vegetation
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growth can be observed in a very short time (days to weeks). In any case, direct actions
may be engaged to quickly restore the vegetation to regain a pre-storm state. Given the
results of this study, a recommendation can be made to encourage the restoration and
maintenance of a complex and dense upperbeach vegetation layer that may provide a
low cost and efficient compromise to protect the coast from large storm flooding events
in the future. Obviously, actions to maintain and restore coral reefs are supplementary,
and should also be increased to optimize the coastal protection and benefits from the other
services provided by this ecosystem.

Figure 10. TWL distribution for each ecosystem configuration for present day and sea-level scenario
RCP8.5 for 2100.

6. Conclusions

This study reports the response of coastal flooding (expressed through the TWL2%)
to different combinations of coral reef and upperbeach statuses. By utilizing the XB-NH
model on a cross-shore profile, the hydrodynamic conditions for a return period of 100 years
were simulated. Firslty, the findings confirm observations that have been previously made
in the literature, namely that:

• Ecosystem degradation results in an increase in the TWL.
• Coral reef degradation leads to an increase in low-frequency motions in the nearshore area.
• The impact of the vegetation on the swash is dependent on the distance crossed by

the flow.
The study also provides new elements on comprehension of the processes involved in

ecosystem combinations, which are:

• Combining a degraded coral reef and a healthier upperbeach vegetation induced an
increase of TWL2% for low and moderate offshore conditions but an attenuation for
the most extreme offshore conditions. So upperbeach vegetation could compensate for
losses in the coral reef for the most extreme conditions.

• With both ecosystems having a healthier status, a reduced TWL by up to 0.7 m (25%).
• Further degradation of both ecosystems can lead to an increase in the TWL that can

exceed 1 m can result.

Finally, in the future, where a sea-level rise is anticipated, it is expected that:

• The sea-level rise will likely exceed the reef’s capacity to grow, as reefs will deepen and
progressively lose their effect on wave attenuation even though they may have a high
structural complexity.

• With the loss of reef protection, the relative effect of the upperbeach vegetation will
increase assuming beach morphological adaptation occurs, that the vegetation retains
its ability to resist the most extreme waves and the vegetation is able to recover rapidly.
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These findings are crucial for coastal management strategies and nature-based solu-
tions in similar reef-lined beaches and should encourage active protection and development
of upperbeach vegetation density and complexity.
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