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Shallow tropical bays in the Caribbean, like Orient Bay and Galion Bay in Saint Martin, are often sheltered by
coral reefs. In the relatively calm environment behind the reefs, seagrass meadows grow. Together, these eco-
systems provide valuable ecosystem services like coastal protection, biodiversity hotspots, nursery grounds for
animals and enhancing tourism and fisheries. However, sea-level rise imperils these ecosystems and the services
they provide because of changing hydrodynamic conditions, with potential effects on the interdependencies
between these ecosystems. By means of a hydrodynamic model that accounts for the interaction with vegetation
(Delft3D Flexible Mesh), the impact of sea-level rise (0.87 m in 2100) is investigated for three scenarios of future
reef development (i.e. keep-up, give-up and catch-up). If coral reefs cannot keep up with sea-level rise, the wave
height and flow velocity increase significantly within associated bays, with the wave height doubling locally in
case of eroding reefs in our model simulations. Since the presence of seagrass strongly depends on the hydro-
dynamic conditions, the response of seagrass to the future hydrodynamic conditions is projected using a habitat
suitability model that is based on a logistic regression. The spatial character of the bays determines the response
of seagrass. In Orient Bay, which is deeper and partly exposed to higher waves, the seagrass will likely migrate
from the deeper parts to shallow areas that become suitable for seagrass because of the surf zone moving
landward. In contrast, the conditions for seagrass worsen in Galion Bay for the catch-up and give-up scenario;
due to the shallowness of this bay, the seagrass cannot escape to more suitable areas, resulting in significant
seagrass loss. It is shown that healthy coastal ecosystems are able to limit the change in hydrodynamic conditions
due to sea-level rise. Therefore, preserving these ecosystems is key for ensuring the resilience of shallow tropical
bays to sea-level rise and maintaining their ecosystem services.

1. Introduction

In shallow tropical bays in the Caribbean, coral reefs and seagrass
meadows are typically present. These ecosystems are linked through
biological, chemical and physical processes (Gillis et al., 2014; Saunders
et al., 2014). Waves break over the coral reefs, which enables seagrass to
grow in the relatively calm, sheltered environment behind the reefs.
Seagrass in turn provides nursery grounds for reef fish (Nagelkerken
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et al., 2002), functions as a pH buffer (James et al., 2019a; Unsworth
et al., 2012) and filters nutrients and sediments (Gacia et al., 2002;
Moore, 2004). Together, the ecosystems provide valuable ecosystem
services. In addition to their ecological value, they form a natural flood
protection. The coral reefs act as breakwaters, reducing the wave energy
reaching the shoreline (Elliff and Silva, 2017). Seagrass meadows are
able to attenuate flow and waves (Fonseca and Cahalan, 1992; Ondiviela
etal., 2014), and to trap and stabilize sediment (Christianen et al., 2013;
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Duarte, 2002; Orth et al., 2006). James et al. (2019b) showed the po-
tential role of seagrass in maintaining tropical beaches, which are
important for the $32.0 billion tourist industry in the Caribbean (World
Tourism Organization, 2019).

However, global climate change threatens coastal ecosystems such as
coral reefs and seagrass meadows (Hoegh-Guldberg and Bruno, 2010).
The rate of seagrass loss is increasing worldwide (Waycott et al., 2009).
Increased water depths due to sea-level rise may over time limit light
availability and intensify wave action, which are both unfavourable for
seagrass (de Boer, 2007). Seagrass’s response to sea-level rise involves
(i) adapting to new conditions, (ii) migrating to newly available areas,
(iii) keeping its position relative to the water level through sediment
accretion, or (iv) gradually eroding away if conditions become unsuit-
able (Duarte, 2002). As seagrass plays a key role in the functioning of
coastal ecosystems (Duarte, 2002), its loss might affect the entire coastal
system, including the beach as well as the coral reefs. Increased amounts
of nutrients, sediments and pathogens following seagrass loss, and
decreased food provision and nursery grounds for animals inhabiting
both the seagrass and the reefs, may adversely impact the reefs (Gillis
et al., 2014; Lamb et al., 2017).

The corresponding positive influence that coral reefs have on sea-
grass meadows, by providing a sheltered environment, is also endan-
gered by global climate change. Coral reefs are under direct pressure due
to rising water temperatures and ocean acidification (Hoegh-Guldberg,
1999; Hoegh-Guldberg et al., 2007; Siegle and Costa, 2017). They may
not be able to keep up with sea-level rise (Perry et al., 2018) which limits
the depth-induced wave breaking on the reefs, and reef degradation
reduces their frictional dissipating capacity (Principe et al., 2012). As a
result, the hydrodynamic forces in the bay may increase, on top of the
increase in water depth which results on itself in a relatively large in-
crease in wave height. Thus, reef degradation will further enhance the
hydrodynamic exposure of seagrass beds. As the collapse of one of the
ecosystems thus negatively impacts the other ecosystem, a domino effect
might be initiated, risking the loss of both ecosystems which will
strongly enhance the risk of coastal erosion and loss of all other
ecosystem services.

The interdependence between the neighbouring tropical marine
ecosystems and hydrodynamic conditions is widely recognized. Saun-
ders et al. (2014) indicated that the impact of sea-level rise cannot be
assessed by modelling single ecosystems or the hydrodynamics only,
since the seagrass distribution depends on the wave conditions that are
in turn related to the surrounding reef height. In this study, we will use
such a biogeomorphic modelling approach to assess the potential role of
tropical marine ecosystems in mitigating the impact of sea-level rise on
shallow tropical bays. To achieve this objective, we selected two con-
trasting bays in Saint Martin: a bay which is completely sheltered by
surrounding reefs (Galion Bay) and a partly exposed bay (Orient Bay). A
hydrodynamic model is set up with Delft3D Flexible Mesh (Kernkamp
etal., 2011) forced by winds, tides and waves and including a vegetation
module. To quantify the change in hydrodynamic conditions due to
sea-level rise, simulations are done for three scenarios of future reef
development (keep up, catch up and give up), covering the full range
from healthy coral reefs that can keep up with sea-level rise (van Woesik
et al., 2015) until degrading and eroding reefs (Hoegh-Guldberg et al.,
2007; Hughes, 1994). Subsequently, the response of seagrass to the
changed hydrodynamic conditions is determined using a habitat suit-
ability model that is based on a logistic regression. This approach will
give insight in the interdependence of hydrodynamic conditions and
ecosystems and will improve the understanding of the response of
shallow tropical bays to sea-level rise. The results can be used to derive
protection strategies for the ecosystems in order to preserve their
services.
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2. Methods
2.1. Site description and climatology

Orient Bay and Galion Bay (Fig. 1a) are located on the eastern coast
of Saint Martin, which is one of the Leeward Islands located in the
northeast of the Caribbean (18.06° N, 63.05° W). Both bays are shallow
with water depths not exceeding 10 and 5 m respectively (Fig. 1b).
Whereas Galion Bay is completely surrounded by reefs, the northern part
of Orient Bay is not, exposing this area to higher waves. These exposed
areas are mainly bare, while the relatively calm areas behind the reefs
are covered with seagrass meadows consisting of Thalassia testudinum
and Syringodium filiforme. The calcifying algae Halimeda spp. are also
found within the meadows. The bays experience a mixed, mainly diurnal
tide with a range varying between 20 and 30 cm. Furthermore, the bays
are exposed to the prevailing easterly winds that have an average speed
of 5 m/s and swell waves coming from the Atlantic Ocean, which have
an average height of 1.5 m.

2.2. Model description — Delft3D FM

A depth-averaged hydrodynamic model, called Delft3D Flexible
Mesh (Delft3D FM), was used to simulate flow and waves driven by
oceanic and meteorological forcing. An extensive description of the
model can be found in Kernkamp et al. (2011). The model solves the
depth-averaged shallow water equations on an unstructured grid. The
wave module (D-Waves) is based on SWAN (Booij et al., 1999) and
solves the discrete spectral action balance equation on a structured grid.
By communicating with the flow module (D-Flow), water levels and flow
velocities are updated and wave forces and Stokes drift are taken into
account in the flow computations.

The effect of vegetation on the hydrodynamics is captured by the
vegetation module in Delft3D FM. Flow attenuation is modelled using a
modified bed roughness based on the work of Baptist (2005). To include
wave dampening by vegetation, an additional energy dissipation term is
implemented in SWAN by Suzuki et al. (2012) following the formulation
of Mendez and Losada (2004). In this method, the energy loss due to
vegetation is calculated as the work done by the drag forces of rigid
cylinders on the fluid, neglecting the swaying of the vegetation.

2.3. Model setup — Delft3D FM

The flow was computed on a triangular grid with a resolution varying
from 50 m at the coastal boundary to 150 m at the offshore boundary.
The depth of each grid cell was derived by interpolating bathymetry
data from three sources; local measurements were used in Galion Bay
(James, 2018), the Navionics sonar chart provided the depths in Orient
Bay and coarser GEBCO bathymetry data (Weatherall et al., 2015) was
used offshore of the reefs. The reefs were included in the bathymetry and
a locally increased bottom roughness was used in the flow model to
represent the relatively high reef roughness. A Manning value of 0.07
s/m® was chosen such that the bottom friction coefficient becomes
0.02-0.05, which is similar to values found at other reefs (Lowe et al.,
2009; Quataert et al., 2015). For bare sediment, the default Manning
value of 0.023 s/m'/ was kept, while bed roughness at the seagrass
meadows is determined by the vegetation module. The flexible time step
is restricted by a maximum Courant number of 0.7. The closed western
boundary formed the coastline, a water level condition representing the
tide was imposed on the eastern boundary and the two lateral bound-
aries had Neumann boundary conditions such that water could move
through freely. Tide, wind and waves forced the model. Although
density-driven currents might occur due to, e.g., storm-related fresh-
water discharges, this forcing was excluded as this effect is assumed to
be small. The tidal constituents were obtained using UTide (Codiga,
2011) and sea-level data (from: http://www.ioc-sealevelmonitoring.
org/station.php?code=stmt). Using the three main tidal constituents
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Fig. 1. Site overview of Orient Bay and Galion Bay, Saint Martin. (a) Aerial overview including toponyms. (b) Bathymetry: composed of measurements in Galion Bay
(James, 2018), Navionics sonar chart in Orient Bay, and GEBCO data (Weatherall et al., 2015) offshore. (c) Presence of coral reefs and seagrass in Orient Bay and

Galion Bay.

representing 91% of the tidal energy, K1, O1 and M2, the tidal signal was
reconstructed.

Subsequently, the flow grid was nested in a larger wave grid with a
resolution of 110 m, such that boundary effects of the wave model did
not enter the flow model. Along the three boundaries of the wave model,
a constant and uniform condition was prescribed, corresponding to
average wave conditions (significant wave height (H;) of 1.5 m, peak
period (T}) of 9 s and coming from the east). The high reef roughness
could not be captured in the wave model. Furthermore, both the flow
and wave model were forced using a uniform wind field that corre-
sponds to average conditions (5 m/s, coming from the east). Every 2 h,
the wave calculations were updated.

The seagrass was added in both the flow and wave model using the
vegetation module, in which the vegetation height (89 mm if the water
depth was less than 1.5 m, else 295 mm), the leaf width (8 mm if the
water depth was less than 1.5 m, else 11 mm) and the density (constant
value of 800 shoots/m?) were defined based on measurements from
James (2016). The flow drag coefficient was set to 1.0 based on the work
of Nepf and Vivoni (2000) and a value of 0.1 was used for the wave drag
coefficient, according to the formulation of Bradley and Houser (2009).

Using the model, the current hydrodynamic conditions were deter-
mined and subsequently how they change due to sea-level rise. How-
ever, the change in hydrodynamic conditions also depends on the

response of the ecosystems, which in turn is determined by the altered
physical forcing itself and by changing biological feedback mechanisms
between seagrass and coral reefs. The sensitivity of the changing hy-
drodynamic conditions in the bays due to sea-level rise to the future reef
development was assessed using three scenarios with varying reef height
and roughness. The scenarios were based on the work of Neumann and
Macintyre (1985) who classified the growth of coral reefs in three cat-
egories: (i) keep up if the reef growth rate equals the rate of sea-level
rise, (ii) catch up in case the reef initially grows slower than the sea
level rises but later reaches the stabilized or slower rising sea level, and
(iii) give up whenever the reefs cannot follow the rising sea level and
accretion stops and the reefs erode.

In this study, the keep-up scenario had a reef height that remained
constant relative to sea level. This corresponds to an observed growth
rate of healthy coral reefs (~10 mm/year) (Perry et al., 2018; van
Woesik et al., 2015). In the catch-up scenario the absolute reef height
was kept constant and thus equal to the present one (accretion equal to
erosion), while for the give-up scenario the absolute reef height was
decreased such that its depth relative to sea level increased by twice the
amount of sea-level rise. The sea-level rise was assumed to be 0.87 m
with respect to present day, which corresponds to the expected sea-level
rise in the Caribbean for the year 2100 (Jevrejeva et al., 2016). Coastline
retreat was not included.
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2.4. Habitat suitability model

The presence of seagrass (Fig. 1c) depends strongly on the hydro-
dynamic conditions. Seagrass is absent in the deeper parts (>10 m) due
to the limited light availability, and in the shallow parts along the coast
because of wave action. The absence of seagrass also correlates to higher
waves, in particular in the northeast corner of Orient Bay. To explore the
effect of changing hydrodynamic conditions, we developed a habitat
suitability model using R 3.5 (R Core Team, 2019). Seagrass occurrence
was related to the current hydrodynamic conditions using a logistic
regression. This relatively simple, yet flexible parametric modelling
strategy was preferred over Al-based methods because of the limited size
of the data set. A generalized linear model for a binomially distributed
response variable (presence/absence), using a logit link, was applied to
the observed seagrass presence/absence in each of the wave model grid
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cells. Independent variables used in the regression analysis were water
depth, flow velocity, wave height, and the first-order interaction terms.
Final model selection was based on minimizing the Akaike Information
Criterion (AIC). The habitat suitability model predicts the probability of
occurrence of seagrass, given the independent variables. The model,
fitted on the actual conditions, was subsequently used to predict the
probability of seagrass occurrence in the future, where future hydro-
dynamic conditions were derived from the hydrodynamic model runs.

3. Hydrodynamic model results
3.1. Current hydrodynamic conditions

In both the fully sheltered bay and the partly exposed bay, the cir-
culation is mainly driven by the waves, and the wave height is controlled
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Fig. 2. Modelled hydrodynamic conditions in the current situation (time-averaged). (a) Significant wave height [m] under mean forcing (H; = 1.5 m and T, = 9 s).
Arrows indicate wave direction. (b) Enlargement of bays, indicated by black box in (a). Note the different colourmap limits. (c) Depth-averaged flow velocity [m/s]
and current vectors induced by the tide, the waves as shown in (a) and an easterly wind of 5 m/s.
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by the reefs (Fig. 2). The reefs determine where the waves break and
resulting currents flow into the bays. The bathymetry of the reefs also
directs a return current back to the ocean. Lastly, the reef height in
combination with the water level limits the wave height inside the bays,
creating a sheltered environment. Looking at the wave height in Fig. 2a,
the sheltering effect of Tintamarre Island is clearly visible with a
reduced wave height between Pinel Island and Tintamarre Island (see
Fig. 1 for locations). The effect of the reefs becomes clear after zooming
in on the bays (Fig. 2b); shoaling is observed towards the reefs, the
waves break on the reefs and a relatively calm wave environment is
found behind the reefs. Under an easterly wind of 5 m/s and a wave
height of 1.5 m at the boundary, the significant wave height is at most
0.5 m in Galion Bay, which is completely sheltered by reefs. The
southern part of Orient Bay is protected by Green Cay and its sur-
rounding reef, limiting the wave height to 0.5 m. The northern reef in
front of Orient Bay lies deeper and is therefore less efficient in dissi-
pating waves. Consequently, a significant wave height of 1.2 m is found
in this area.

The currents in the bays, which are forced by the waves and an
easterly wind of 5 m/s, strongly vary spatially (Fig. 2c). Strong currents
up to 0.5 m/s are found above the reefs induced by wave breaking. The
currents return to the ocean through the deeper gullies between the reefs
with maximum velocities of 0.2 m/s. Although tide-induced currents in
the bays are negligible (<0.01 m/s), the vertical motion of the tide in-
fluences the flow velocities, since the water depth above the reefs de-
termines the wave height in the bays.

In Fig. 3, the influence of the seagrass on the hydrodynamic condi-
tions is shown. Waves are dampened throughout both bays by the sea-
grass, and the effect is largest in the shallowest areas. At the shoreline,
the wave height is reduced by 5-10%. The currents are mainly shifted,
but not significantly attenuated. This is especially clear in Orient Bay,
close to the coast and around the deeper gully. The effect of seagrass on
the magnitude of the currents is relatively small (<5%).

3.2. Impact of sea-level rise under different scenarios of future reef
development

Since a wave-driven circulation was found and the coral reefs protect
the bays from incoming waves, the future reef development is expected
to be the prime factor determining the impact of sea-level rise. A larger
water depth reduces the wave dissipating ability of the reefs, leading to
higher waves and stronger currents in the bays. In Fig. 4, this is shown
for the three scenarios of future reef development (keep up, catch up and
give up) after increasing the sea level by 0.87 m, under the same model
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assumptions. In case of the keep-up scenario, there is no change in wave
height, and thus the flow velocities also remain approximately constant.
Only in the exposed area just south of Pinel Island, there is a small in-
crease in wave height. However, the significant wave height increases
for the catch-up and give-up scenarios. Especially the wave height above
the reefs increases, where the relative change in water depth is largest.
The average wave height increased by 0.09 m and 0.15 m inside Galion
Bay and by 0.08 m and 0.11 m inside Orient Bay for the catch-up and
give-up scenario, respectively. Consequently, the flow velocities also
increase. For the give-up scenario, they almost double in both bays.

To further illustrate the role of the coral reefs, the change in hy-
drodynamic conditions due to sea-level rise is compared at three
different locations near the coast: a sheltered location in both bays and
an exposed location in Orient Bay (Fig. 5a). Fig. 5b shows the relative
impact of sea-level rise above the reefs at each location for the three
different scenarios. If the coral reefs keep up with sea-level rise, the
hydrodynamic conditions do not change significantly compared to the
present-day conditions (Fig. 5c and d: keep-up scenario). Due to the
increased water depth inside the bays, the wave height increases
slightly, while the depth-averaged flow velocity decreases. But for the
catch-up and keep-up scenario, there is a change in water depth above
the reefs, which is relatively largest for the shallowest reefs (Fig. 5b).
Therefore, larger waves enter the bays (Fig. 5¢) and flow velocities in-
crease (Fig. 5d). At the sheltered location in Galion Bay, the wave height
increased by 40% for the catch-up scenario and 60% for the give-up
scenario. At the sheltered location in Orient Bay, the wave height
increased by more than a factor of 2 for the catch-up scenario and by
more than a factor of 3 for the give-up scenario. This highlights that the
impact of sea-level rise strongly depends on the future reef development,
and not only on the amount of sea-level rise itself.

Furthermore, the relative impact is different for the three locations.
The change in hydrodynamic conditions is relatively small for the
exposed location, which is located behind an opening in the reef(indi-
cated by circle in Fig. 5). However, the wave height and flow velocity
increase significantly at the sheltered locations (indicated by triangle
and square in Fig. 5), underscoring the importance of the protecting
function of coral reefs.

4. Seagrass distribution

In the different scenarios, the seagrass distribution was assumed to
be unaffected. However, it is widely known that the presence of seagrass
depends strongly on the hydrodynamic conditions (de Boer, 2007).
Therefore, we assessed the impact of the changing hydrodynamic
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compared to the present-day conditions.

conditions on the presence of seagrass for the different scenarios by
means of a habitat suitability model.

4.1. Model evaluation

First, the model was fitted against the observed presence of seagrass
(Fig. 6a) and current hydrodynamic conditions (Fig. 2). Starting from
the full model, the least significant terms were consecutively dropped,
until the lowest AIC was reached (see supplementary Table S1). The
included variables in the final model were water depth (linear and
squared), flow velocity (linear and squared) and wave height (linear
only), and the first-order interaction between flow velocity and wave
height. The wave height squared and the other interaction terms were
excluded due to non-significance. The resulting response curves can be

found in supplementary Figure S1.

As can be seen in Fig. 6 and Table 1, the modelled seagrass distri-
bution shows a high level of agreement with the actual one; the overall
accuracy of the model is 77.9% and a kappa value of 0.44 is achieved.
The model, however, tends to overestimate the presence of seagrass near
the coast and in the deep gully in Orient Bay. The latter could be a

Table 1
Overall model accuracy, model precision (kappa statistic), true presence and
true absence at the study site predicted by our habitat suitability model.

Area Accuracy Kappa statistic True presence True absence
Total 77.9% 0.44 92.3% 47.6%
Orient Bay 75.9% 0.43 91.0% 49.0%
Galion Bay 89.6% 0.24 97.7% 20.0%
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Fig. 5. Impact of sea-level rise for the different sce-
narios of coral reef growth at three locations. (a) The
locations: an exposed and sheltered location in Orient
Bay and a sheltered location in Galion Bay, indicated
by a circle, triangle and square, respectively. The
bathymetry contours (3 m interval, only depths up to
15 m shown) are plotted and the locations of the reefs
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Fig. 6. (a) Spatial map of seagrass presence. (b) Probability of seagrass
occurrence for current situation as predicted by the logistic regression model,
which has been fitted to the seagrass distribution (a) and the hydrodynamic
conditions (Fig. 2).

consequence of using a depth-averaged hydrodynamic model instead of
a 3D model such that near-bed currents were underestimated. But the
absence of seagrass could also be caused by natural disturbances, e.g.
grazing turtles, or human activities, such as fishing or boat anchoring,
rather than due to the hydrodynamic conditions. The relatively low true
absence in Galion Bay (and thus the poorer Kappa value) is caused by the
very few grid cells where seagrass is absent (5/48).

4.2. Projection to future scenarios

When the coral reefs kept up with sea-level rise, the change in hy-
drodynamic conditions was limited (Fig. 4a and b). This explains why

Catch-up Give-up

the results of the habitat suitability model do not show significant
changes in the occurrence of seagrass for the keep-up scenario (Fig. 7a
and b; Table 2). Due to the increased water depth, the wave action re-
duces close to the shore, improving the conditions for seagrass near the
coast in both bays. In the deeper parts of Orient Bay, the strength of light
limitation increases slightly, reducing the probability of seagrass
occurrence and leading to a small loss of seagrass (—1.9%). Since the
water depth above the reefs remained constant, the wave conditions did
not change. Therefore, no seagrass is lost just behind the reefs in both
bays. In Galion Bay, the amount of seagrass even slightly increases by
4.3%, because of newly suitable area near the coast.

For the catch-up scenario (Fig. 7c and d; Table 2), seagrass is pre-
dicted to shift in Orient Bay from the deeper parts to the newly suitable
areas near the coast. The probability of seagrass occurrence decreases in
the deeper parts, where light availability becomes the limiting factor,
while the probability increases in the shallow parts close to the shore.
Here, the conditions become more favourable because of the landward
moved surf zone due to the increased water depth. In Galion Bay, there is
a small decrease in the probability of seagrass occurrence (—0.075),
which leads to a seagrass loss of 15.2%. This indicates the potential
vulnerability of the seagrass and the entire coastal system of a shallow
tropical bay.

In the give-up scenario (Fig. 7e and f; Table 2), even more seagrass is
lost (—23.9%). In Orient Bay, the impact is largest just behind the reefs
due to the increased wave height. Furthermore, a shift in seagrass
occurrence from the deeper to the shallower parts is predicted, similar to
what was found for the catch-up scenario. Overall, a seagrass loss of
20.7% is predicted for Orient Bay, while 39.1% of the seagrass is pre-
dicted to be lost in Galion Bay. In Galion Bay, the seagrass cannot escape
to newly suitable areas due to a strong increase in hydrodynamic forces
across the entirety of the bay.

In the scenario simulations, the seagrass was assumed to remain
present, and thus continued to attenuate the flow and waves in the bays,
while we found that especially for the give-up scenario a significant
amount of seagrass will be lost. Fig. 8 presents the results of the give-up
scenario without seagrass. Compared to the give-up scenario with sea-
grass (Fig. 7e and f), the probability of seagrass occurrence decreases
even more and leads to an additional 15.7% loss of seagrass. This also
shows that it is harder to recover for seagrass once it is gone, which is
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Fig. 7. Predicted probability of seagrass occurrence for (a) the keep-up, (c)
catch-up and (e) give-up scenario. (b,d,f) Change in probability of occurrence
for each scenario compared to the current situation (Fig. 5b).

most likely in the sheltered parts (Galion Bay and southern part of Orient
Bay). However, even in this worst-case scenario, 70.7% of the seagrass
will survive.
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Table 2

Predicted changes in seagrass area in the study area for the keep-up, catch-up

and give-up scenario.

Area Keep-up scenario Catch-up scenario Give-up scenario
All +0.8% —4.6% —23.9%
Orient Bay 0.0% —2.3% —20.7%
Galion Bay +4.3% —15.2% —39.1%
p=10.510| b) Ap = —0.077
n
| L
Probability of Difference in probability
seagrass occurrence of occurrence
0 .09
0.25 ] 05
o5 0.1
075 1 0.1
LBt 0.3
Land Land

Fig. 8. (a) Predicted probability of seagrass occurrence for the give-up sce-
nario, assuming there is no seagrass. (b) Change in probability of occurrence
compared to the give-up scenario, including seagrass (Fig. 6e).

5. Discussion

It can be expected that sea-level rise will significantly affect the
hydrodynamic and ecological conditions in shallow tropical bays, where
the relative impact of sea-level rise compared to the present-day water
depth is very large. Our model explorations assuming 0.87 m sea-level
rise and including three scenarios for future reef development (i.e.
keep up, catch up and give up), confirm that the hydrodynamic condi-
tions change significantly if the coral reefs cannot keep up with sea-level
rise. The wave height doubles locally in the case of eroding reefs.
Moreover, it shows that tropical marine ecosystems are able to modulate
the system’s response to sea-level rise. Healthy coral reefs can limit the
change in hydrodynamic conditions, i.e. the mean wave height inside
the bays increased less than 0.05 m in the keep-up scenario. This enables
seagrass to keep growing in the sheltered bays, which further attenuates
flow and waves.

5.1. Interdependence of ecosystems

The interdependence of coral reefs and seagrass meadows and their
impact on the hydrodynamic conditions are a key factor in the resilience
of tropical shallow bays with respect to sea-level rise. Firstly, coral reefs
limit the change in hydrodynamic conditions directly by dissipating
wave energy (Moberg and Folke, 1999). Our study shows that if the coral
reefs keep up with the rising sea level such that the water depth above
the reefs will not increase, the hydrodynamic conditions will not change
significantly; currents within the studied bays are almost exclusively
wave-driven, and the wave height is primarily determined by the wave
dissipation over the reefs. However, global trends show that more and
more coral reefs are affected by the consequences of climate change,
making it unlikely that they are indeed able to keep up with sea-level
rise (Perry et al., 2018). Our catch-up and give-up scenario explore
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the impact of vertical growth deficiency in the coral reefs. These sce-
narios show significant changes in the hydrodynamic conditions as soon
as water depth over the reefs increased due to the wave-driven circu-
lation. This impact is large for bays where the circulation is wave-driven,
but could be smaller for tide- or wind-dominated bays.

As demonstrated by our habitat suitability model, the presence of
seagrass depends strongly on the hydrodynamic conditions. It can be
anticipated that changes in hydrodynamic conditions will directly affect
the seagrass distribution. The habitat suitability model predicts a strong
dependence of the (future) seagrass distribution on the future reef
development. The loss of seagrass, in turn, could have profound conse-
quences for the coral reefs, because biological and chemical feedback
mechanisms could be disturbed (Gillis et al., 2014; Unsworth et al.,
2012). Possible consequences are decreased buffering of pH, increased
suspended sediment concentrations, lowered water quality and the
disappearance of nursery grounds for reef fish, which can further worsen
the conditions for the reefs. However, although our models predict loss
of seagrass in the scenarios where reefs cannot keep up with sea-level
rise, the losses are not complete and are partly compensated by newly
suitable seagrass habitat, particularly in Orient Bay. Therefore, no
complete loss of the seagrass-coral reef interaction is expected that
might lead to domino effects on the entire coastal system.

Comparisons of the different scenarios shows that the future vertical
accretion rate of the coral reefs is the key factor determining hydrody-
namics and ecology of the shallow coastal bay systems. Our results
indicate that, in case of healthy coral reefs, the loss of seagrass due to the
altered hydrodynamic conditions under 0.87 m sea level rise is negli-
gible. Thus, coral reefs can be regarded as a first line of defence against
sea-level rise.

5.2. Response of coral reefs

In the case of healthy coral reefs, the accretion rates match the rate of
sea-level rise (Perry et al., 2018; van Woesik et al., 2015). However,
coral reefs are declining globally, and especially in the Caribbean, due to
global climate change, i.e. rising water temperatures and ocean acidi-
fication, and direct human stresses, i.e. overfishing and pollution (Wil-
kinson, 2008). Coral bleaching, triggered by increased water
temperatures (Hoegh-Guldberg, 1999), will occur more frequently and
become more severe (Heron et al., 2016; Hoegh-Guldberg et al., 2007),
limiting the reef growth. Therefore, there is a high risk that coral reefs
risks will not keep up with sea-level rise (Perry et al., 2018).

In shallow reefs, the temperature at the corals’ surface can be up to
1 °C higher than the ambient water temperature during low tide and
weak flow conditions due to the presence of a thermal boundary layer
(Fabricius, 2006; Jimenez et al., 2008). If the coral reefs cannot keep up
with sea-level rise, the flow velocities and water depth above the reefs
will increase, as our model results show. Stronger flow conditions will
reduce the thickness of the thermal boundary layer and thus reduce the
likelihood of exceeding the critical water temperature (Jimenez et al.,
2011). The increased water depth will, in addition, limit the irradiance
reaching the corals’ surface, reducing the heating. Therefore, we hy-
pothesize that sea-level rise on itself could contribute to the resilience of
coral reefs to warming oceans, although they are already suffering from
the consequences of global climate change. However, our model did not
resolve or parametrize the thermal boundary layer, and neither did it
include coral reef growth. More research on this topic would be needed
to test this inference.

5.3. Response of seagrass

In addition to its ecological value, seagrass also contributes to coastal
protection (Duarte, 2002; James et al., 2019b), which is becoming
increasingly important because of sea-level rise (Luijendijk et al., 2018).
Under conditions of moderate to severe degradation of the coral reefs,
the response of the seagrass to the altered hydrodynamic conditions
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depends on the spatial characteristics of the bays. Our habitat suitability
model shows that seagrass is likely to shift from deeper to shallower
parts in Orient Bay, where the spatial heterogeneity allows the seagrass
to migrate and adapt to the new conditions, ensuring the resilience of
the seagrass. Contrastingly, more seagrass is lost in Galion Bay. The
combination of the complete sheltering by reefs and the relatively uni-
form shallowness ensures tolerable conditions nowadays. However, we
have seen that for the catch-up and give-up scenario the wave height
increased, exceeding the tolerable wave height for seagrass, leaving
little escape for the seagrass. Thus, the spatial character of a bay could
provoke a different response of seagrass to changing conditions.

By attenuating waves and reducing suspended sediment concentra-
tions, seagrass improves the surrounding conditions (Duarte, 2002).
This implies that once the seagrass is gone, the conditions worsen further
making the growth and recolonisation of seagrass even harder (Olesen,
1996; van der Heide et al., 2011, 2007). Our habitat suitability model
showed that the probability of seagrass occurrence indeed decreased
based on the hydrodynamic conditions after removing the seagrass.

5.4. Morphological response

Although the morphology of the bays is currently stable, evaluating
the morphodynamics is potentially important. Depending on future reef
development, we have seen that the seagrass distribution could change
significantly. This could result in erosion, as there is less seagrass to trap
and stabilize sediment. With a greater area of exposed seafloor, erosion,
either due to hurricanes on the short term or changing wave conditions
on the long term, could cause further loss of seagrass through burial or
uprooting (Cabaco et al., 2008). Furthermore, changes in suspended
sediment concentrations due to increased wave height and stronger
currents could affect the seagrass meadows by reducing the light
availability (e.g. Olesen, 1996) and smother the coral reefs (e.g.
Hoegh-Guldberg, 1999). But sedimentation could also be beneficial for
seagrass, since reduced water depths improve the light availability.
Coral reefs and calcifying algae are both a source of sediment (James
et al., 2019b), which could stimulate the accretion. Because our model
could not take morphodynamic changes into account, further research
on the sediment dynamics of shallow tropical bays is therefore recom-
mended to predict the response of the ecosystems more accurately.

5.5. Implications for management of shallow tropical bays

Sea-level rise poses a risk to shallow tropical bays, endangering their
valuable ecosystem services. Our model results show that coastal pro-
tection is prominent among these services. The present and future state
of the bays is entirely dependent on the feedback from the reefs and
seagrass on waves and currents. This has important consequences for
local economic activity. Tourism and fisheries can negatively impact
seagrass and coral reefs through physical disturbance. In the longer
term, however, local industries crucially depend on the conservation of
these ecosystems. As climate-driven factors are hard to manage locally
(Scheffer et al., 2001), focus should be on reducing the human impact on
shallow tropical bays such that they maintain their natural resilience.
Installing sewage treatment plants, prohibiting the removal of seagrass,
allowing seagrass to migrate and protecting the coral reefs against
tourists, ships, and fishing activities are examples of possible measures.
In case the coral reefs die and erode, they could be replaced by artificial
reef structures, which have already successfully been applied in different
areas (Harris, 2009; Silva et al., 2016). Hydrodynamic and habitat
suitability models could be utilised to identify vulnerable areas and the
locations where artificial reef structures would provide the most benefit.
In this study, the south of Orient Bay and the entire border of Galion Bay
would be particularly vital regions to retain a reef.
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6. Conclusion

Healthy ecosystems can ensure the resilience of shallow tropical bays
such as Orient and Galion Bays to sea-level rise. Since a wave-driven
circulation was found in the bays, the change in hydrodynamic condi-
tions due to sea-level rise strongly depends on future reef development.
As soon as the sea level rises faster than the reefs grow vertically, the
wave height increases and subsequently the flow velocities too. The
seagrass is expected to withstand or adapt to these changed hydrody-
namic conditions. Depending on the spatial character of the bay, sea-
grass shifts from the deeper waters, where light availability is limited, to
shallower areas, where wave action is reduced, or disappears after
tolerable conditions are exceeded. But overall, it is predicted that sea-
grass will not be completely lost due to the changing hydrodynamic
conditions.

In this paper, we have shown that the impact of sea-level rise on
shallow tropical bays strongly depends on the persistence of tropical
marine ecosystems, with the coral reefs as first line of defence and the
seagrass meadows as their support. These ecosystems form a natural
flood protection, which becomes increasingly important due to sea-level
rise. In addition, long-term sustainability of economic activities, such as
fisheries and tourism, crucially depends on the healthy preservation of
these ecosystems. Therefore, the conservation of the ecosystems is
critically important for countries with shallow tropical bays.
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