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• Sea-level rise could lessen the provision of
seagrass ecosystem services.

• Field study, spatial and physical model-
ling used to quantify changes in services.

• Loss of seagrass meadows would exacer-
bate climate change effects on tropical
coasts.
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Seagrass meadows provide valuable ecosystem services of coastal protection and chemical habitat formation that
could help mitigate the impact of sea level rise and ocean acidification. However, the intensification of hydrodynamic
forces caused by sea level rise, in addition to habitat degradation threaten the provision of these ecosystem services.
With quantitative field measurements of the coastal protection and chemical habitat formation services of seagrass
meadows, we statistically model the relationships between hydrodynamic forces, vegetation density and the provision
of these ecosystem services. Utilising a high-resolution hydrodynamic model that simulates end of the century hydro-
dynamic conditions and three scenarios of coral reef degradation (i.e., keep up, remain or loss) we quantify how the
environmental conditions within a tropical bay will change given changes to the provision of ecosystem services.
Our study shows that increasing hydrodynamic forces lead to a seafloor made up of a larger grain size that is increas-
ingly unstable andmore vulnerable to erosion. The loss of a fringing reef leads to larger hydrodynamic forces entering
the bay, however, the 0.87 m increase in depth due to sea-level rise reduces the bed shear stress in shallower areas,
which limits the change in the ecosystem services provided by the current benthic seagrass meadow. Loss of seagrass
constitutes the greatest change in a bay ecosystem, resulting in the sediment surface where seagrass existed becoming
unstable and themedian sediment grain size increasing by5-7%. The loss of seagrass also leads to the disappearance of
the unique fluctuating chemical habitat, which leaves the surrounding community vulnerable to ocean acidification. A
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reduction or complete loss of these ecosystem services would impact the entire community assemblage while also
leaving the surrounding coastline vulnerable to erosion, thus exacerbating negative effects brought about by climate
change.
1. Introduction

Coastal regions are experiencing unprecedented and rapid change due
to both climate change and local anthropogenic disturbances. Ecosystem
services provided by natural coastal communities could help mitigate the
increased risk imposed by climate change on coastal regions (Sutton-Grier
et al., 2015; Morris et al., 2018; James et al., 2019b; Noisette et al.,
2022). The effectiveness of these ecosystems services is, however, depen-
dent upon the health and density of the natural community providing the
service and the spatial extent that its presence impacts the surrounding en-
vironment (James et al., 2019a; Noisette et al., 2022). Given the ongoing
degradation of coastal environments (Orth et al., 2006; Waycott et al.,
2009; Burke et al., 2011; Jackson et al., 2014) along with rising sea levels
which deepen and subsequently cause an increase in the hydrodynamic
forces within current coastal habitats (Storlazzi et al., 2011; Keyzer et al.,
2020), the ecosystem services provided by coastal communities are at
risk. Quantifying how the provision of these increasingly important ecosys-
tem services provided by coastal communities will respond to further hab-
itat degradation and sea-level rise is vital for analysing the future risks
facing coastal regions.

Through their physical presence andmetabolism, natural coastal commu-
nities can provide ecosystem services that benefit surrounding organisms, in-
cluding human communities (Anthony et al., 2011; Saunders et al., 2014;
Hurd, 2015; James et al., 2019a). Two such community types are seagrass
meadows and coral reefs. Their physical presence attenuates waves and
stabilises sediment, providing an important coastal protection service for
tropical coastal regions (Arkema et al., 2013; Saunders et al., 2014;
Quataert et al., 2015; James et al., 2019b). At the same time, by altering
the local seawater carbonate chemistry through their metabolism, both
coral reefs and seagrass meadows create a unique chemical habitat with fluc-
tuating carbonate chemistry conditions (Hendriks et al., 2014; James et al.,
2019a; Noisette et al., 2022). Thesefluctuations in the pHdo not significantly
change the mean pH, but instead create temporary periods of high and low
pH throughout a diurnal cycle (James et al., 2019a). Given the ongoing low-
ering of seawater pH, termed ocean acidification, the temporary high pH/
high aragonite saturation state conditions created by this metabolism have
been proposed as potential refugia for calcifying organisms and early larval
stages of fish and molluscs (Frieder et al., 2014; Hurd, 2015; Kapsenberg
et al., 2018; Wahl et al., 2018). The research regarding these metabolic-
driven fluctuations acting as pH refugia still remains inconclusive due to
also creating low pH conditions at night (Hurd et al., 2011; Cornwall et al.,
2013; Britton et al., 2016; Mangan et al., 2017; Koweek et al., 2018;
Falkenberg et al., 2021). However, these fluctuations in the carbonate chem-
istry might, in consequence, increase the resilience of populations to ocean
acidification, with Pansch et al. (2014) showing that barnacle populations
inhabiting areas with large fluctuations are more tolerant to elevated CO2

conditions than populations from stable environments. Whatever the effect
that these fluctuations in the seawater carbonate chemistry may have on
the surrounding community, they are a natural dynamic of coastal vegetated
ecosystems and therefore are considered part of the habitat-forming ecosys-
tem service of these communities. The sheltered environment with a stable
sediment surface and dynamic carbonate chemistry created by coral reefs
and seagrass meadows supports a rich diversity of organisms (Nagelkerken
and van der Velde, 2003; Saunders et al., 2014), including valuable fishery
and keystone species (Unsworth et al., 2019).

The provision of ecosystem services by coral reefs and seagrass
meadows is dependent upon local physical factors that affect the abun-
dance and metabolic rates of the communities, while hydrodynamic forces
impact the spatial extent that is influenced by the ecosystem service (James
2

et al., 2019a; Noisette et al., 2022). Thewave and flow attenuation capabil-
ities of hard structures, such as coral reefs, or flexible canopies like seagrass
meadows are greatestwhen the organisms' density is high and there is a low
ratio of water depth to reef or vegetation height (Ward et al., 1984; Paul
et al., 2012; Shields et al., 2017; James et al., 2020b). Sediment
stabilisation by rooted vegetation is another important factor contributing
to coastal protection in coastal ecosystems, however, this is again
dependent upon the vegetation density (Potouroglou et al., 2017; James
et al., 2020a). While shoot density of seagrass meadows and the level of
water refreshment surrounding the canopy directly impact the magnitude
and spatial extent that the metabolism of seagrass meadows affects the
surrounding environment, and thus, the extent of the unique chemical
habitat (James et al., 2019a; Noisette et al., 2022). These interactions
suggest that the current ecosystem services provided by coastal communi-
ties will be negatively impacted by both increasing hydrodynamic forces
due to sea-level rise and by habitat degradation.

Tropical coral reefs and seagrasses are under threat (Hoegh-Guldberg
et al., 2007; Quataert et al., 2015; Siegle and Costa, 2017). Local stressors
such as eutrophication, over-fishing, sedimentation and physical damage
from boating activities have reduced the resilience of much of the world's
tropical coral reef and seagrass ecosystems (Orth et al., 2006; Hoegh-
Guldberg et al., 2007; Hughes et al., 2017a). The pressures on these coastal
ecosystems are being further exacerbated by rising sea surface temperature
(Oliver, 2019; Oliver et al., 2021), heatwaves (Meehl and Tebaldi, 2004;
Hughes et al., 2017b; Smale et al., 2019), intensifying storms, and ocean
acidification (Anthony et al., 2008; Jokiel et al., 2008). These local and
global stressors combined are causing widespread degradation in both
coral reefs and seagrass ecosystems (Hughes, 1994; Orth et al., 2006;
Waycott et al., 2009; Hughes et al., 2017a). Coral reefs have been proposed
to respond to climate change in three ways: ‘Keep-up’, ‘Remain’, or ‘Give-
up’ (Neumann and Macintyre, 1985; Elliff and Silva, 2017). The ‘Keep-up’
fringing reef scenario is where the vertical accretion rate of coral reefs is
sufficient to keep up with sea level rise. This best-case scenario is credible
in regions where coral reefs are in good health and relatively undamaged
from local stressors, e.g., in Palau, where coral reef vertical accretion
rates of >10 mm y-1 have been reported (van Woesik et al., 2015). A ‘Re-
main’ scenario is based on the fringing coral reef persisting but remaining
at the same height. Such a scenario is likely to occur where the aragonite
saturation state remains near 3.3; at or below this level it is found that ac-
cretion of coral reefs ceases or becomes negative (Kleypas et al., 1999;
Hoegh-Guldberg et al., 2007). The third, most extreme, fringing reef sce-
nario is if the coral reef ‘Gives-up’ and disappears. The ‘Give-up’ scenario
is already happening in regions around the world where coral reefs experi-
ence intense local stressors, in addition to climate change (Hughes, 1994;
Hoegh-Guldberg et al., 2007). Because seagrass meadows in tropical bays
and lagoons are largely dependent on the sheltered conditions within the
shadow of fringing coral reefs, it logically follows that declines in coral
reefs will be matched by a decline in seagrass meadows, as was shown in
modelling studies (Saunders et al., 2014; Keyzer et al., 2020).

Sea level predictions for coastlines around the globe show variations of
a rise between 0.11 and 0.33 m for 2 °C of warming and 0.54 to 1.08 m for
5 °C of warming by the end of the century (Jevrejeva et al., 2016). Such a
rise in the sea level constitutes a significant increase in the relative depth
within the nearshore region, and will result in larger waves reaching closer
to shore (Quataert et al., 2015; Keyzer et al., 2020; Zhu et al., 2020). Keyzer
et al. (2020) displayed how the height of the fringing coral reef has the
largest effect on the orbital flow velocity and flow speed within tropical
bays. In a bay that loses its fringing coral reef and experiences a sea level
rise of 0.87 m (sea-level rise predicted in the Caribbean for 2100 by
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Jevrejeva et al. (2016)), the spatially-average orbital velocity increases by
23 % (Supplementary 1, Keyzer et al., 2020). Even if the reef remains,
there is a 11 % increase in the orbital flow velocity across the bay (Supple-
mentary 1, Keyzer et al., 2020). This increase in hydrodynamic energy
within the bay is exacerbated when seagrass vegetation is lost, with there
being a further 4-5 % increase in the orbital flow velocity when there is
no seagrass (Supplementary 1, Keyzer et al., 2020). Such an increase in
sea-level and hydrodynamic forces within the coastal region will funda-
mentally impact the functioning of coastal ecosystems and the services
that they provide.

The sea level in the Caribbean region is projected to rise by 0.87 m by
2100 under a 5 °C temperature increase (Jevrejeva et al., 2016). In addition,
much of the Caribbean's natural coral reefs are considered in a degraded
state (Jackson et al., 2014). The combination of these two factors could re-
sult in a drastic alteration in the Caribbean's bays and lagoons over the next
100 years. High-resolution simulations of how the hydrodynamic forces
within a natural Caribbean seagrass-vegetated bay may change in the fu-
ture, given sea-level rise and potential scenarios of coral reef and seagrass
degradation (Coral reefs ‘keep up’, ‘remain’ or ‘disappear’, and seagrass re-
mains or disappears) were conducted by Keyzer et al. (2020). Combining
Fig. 1.Map showing Saint Martin, which is situated in the Caribbean Sea (a), with the s
coverage (percent benthic cover, d) across Baie de L'Embouchure are shown below, wit
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these hydrodynamic simulations with a mechanistic understanding of the
coastal protection and unique chemical habitat services provided by
seagrass meadows, we spatially model how the physical and chemical feed-
backs associated with coral reef-seagrass ecosystems will be impacted by
sea level rise and ecosystem degradation. High spatial and temporal resolu-
tion measurements were required to quantify the seagrass ecosystem ser-
vices and their provision in a natural setting, thus, the spatial model in
this study was applied to a single bay. Because we have done a mechanistic
study, the relative trends shown here are applicable to all tropical seagrass-
fringing reef habitats. The results from this study display how the ecosys-
tem services provided by seagrass meadows will change with sea-level
rise and the effect that this has on the physical and chemical environment
within tropical bays.

2. Materials and methods

2.1. Site description

Baie de L'Embouchure, a seagrass-dominated bay on the eastern coast of
StMartin, Caribbean (Fig. 1a, b) was used to explore how the pH alteration,
tudy site Baie de L'embouchure highlighted in (b). The bathymetry (c) and seagrass
h the fringing reef highlighted in red.
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wave attenuation and sediment stabilisation services provided by seagrass
meadows and fringing coral reefs will be affected by sea level rise. This
bay was chosen due to its relatively pristine condition and extensive
seagrass meadow. St Martin is part of the Caribbean leeward islands, with
the eastern side being directly exposed to the swell and trade winds from
the Atlantic Ocean. A fringing coral reef protects Baie de L'Embouchure
from the largest swell from the Atlantic, creating a sheltered, shallow (up
to 5 m; Fig. 1c) environment. Baie de L'Embouchure typically experiences
a small tidal range of 0.2-0.3 m, and there are no freshwater inputs. Exten-
sive seagrass meadows, dominated by the late-successional species
Thalassia testudinum, grow on calcareous sediment throughout the bay.
The sediment within the bay is composed of 94 ± 0.9 % (± 95 % confi-
dence interval, n=25) CaCO3, with 0.4±0.03%organic carbon. The sed-
iment can be considered unconsolidated coarse sandy sediment, with 90 %
of the grains measuring above 652± 110 μm (n=16), a silt content (<63
μm grain size) of 1.3 ± 0.9 % (n = 16) and a dry bulk density of 1.3 ±
0.08 g cm-3. The calcareous sand is supplied by the erosion of the fringing
coral reef and calcifying algae, which grow adjacent to and among the
seagrass meadow. The present-day mean pHT within the bay is 8.14 ±
0.01 (James et al., 2019a).

2.2. Seagrass coverage

Seagrass coveragewithin Baie de L'Embouchurewasmapped by a broad
survey where a grid of 1585 spatial points across the bay were defined as
unvegetated (0% seagrass coverage), sparse (25 % seagrass coverage), me-
dium (50 % seagrass coverage) or dense (100 % seagrass coverage). An in-
terpolation map depicting the seagrass cover was created using the inverse
distance weighting method, where a maximum of 5 neighbouring observa-
tions were used to interpolate the known spatial points across the map of
Baie de L'Embouchure (Fig. 1d). R version 3.3 (R Core Team, 2017) and
the packages CRAN:sp (Pebesma and Bivand, 2005; Bivand et al., 2013),
CRAN:rgdal (Bivand et al., 2016), CRAN:‘dismo’ (Hijmans et al., 2011)
and CRAN:gstat (Pebesma, 2004) were used to create the interpolation
maps.

2.3. Hydrodynamic model summary

A depth-averaged hydrodynamic model of Baie de L'Embouchure was
produced by Keyzer et al. (2020), based on the bathymetry of the bay and
the fringing reef. Using Delft3D Flexible Mesh, this model simulates the
present-day flow and waves within Baie de L'Embouchure that are driven
by oceanic and meteorological forcings. The D-Waves (Deltares, 2018), D-
Flow (Deltares, 2018) and vegetation modules (Deltares, 2018) were in-
cluded in the model, so that the flow, waves, their mutual interactions
and their interaction with vegetation were all included in the simulations.
An extensive description of the equations and specific model can be
found in (Kernkamp et al., 2011; Keyzer, 2018). This model was validated
against in situ wave measurements taken from within Baie de
L'embouchure and show good agreement (Supplementary 2). The time-
averaged orbital flow velocities and flow speeds produced by the hydrody-
namic model were used for this study.

2.4. Future hydrodynamic scenarios

A sea level 0.87 m above present-day was used for the future scenarios,
representing the sea level rise predicted for the Caribbean region by 2100
based on the IPCC's RCP8.5 scenario (Jevrejeva et al., 2016). In addition
to the sea level rise, varying scenarios simulating different responses of
the fringing coral reef and seagrass meadows to global change were also
conducted (Fig. 2). Three scenarios for the coral reef were considered by al-
tering the bathymetry within the hydrodynamic model: (1) Keep-up: coral
reef growth rate keeps upwith sea level rise, (2) Remain: coral reef survives
but stays the sameheight as present-day, and (3) Give-up: the coral reef dies
and the fringing reef structure is removed from the bathymetry. Within
each of these coral reef scenarios, simulations with present day seagrass
4

coverage being (a) present or (b) absentwere conducted by turning the veg-
etation module on or off in the Delft3D model. All seagrass scenarios were
considered, except the absence of seagrasswhen the coral reef keeps up as it
would be assumed the conditions would remain favourable for seagrass
under this scenario (Fig. 2).
2.5. Measurements of ecosystem services

2.5.1. Grain size
Sediment grain size distribution is dependent upon the sediment source

and the bottom shear stress, with finer grains settling in areas where the
bottom shear stress is reduced (Shields, 1936). The sediment within Baie
de L'embouchure is coarse grain sand, composed of 95 % CaCO3. Due to
the majority of the sediment originating from the fringing coral reef and
the calcareous algae growing within Baie de L'Embouchure, the sediment
supply should be relatively uniform across the bay, therefore, the bottom
shear stress is assumed to be themain driver of sediment grain size variabil-
ity across the bay. The flow regime, depth and density of vegetation signif-
icantly impact the bottom shear stress and were used to assess the
variability of grain sizewithin Baie de L'Embouchure. To derive an estimate
of the effect of seagrass, water depth and water flow on the sediment grain
size, sediment samples were collected in 50 mL sampling containers from
unvegetated areas and in seagrass patches (patches > 2 m2) across Baie
de L'Embouchure. Seagrass coverage and GPS position were recorded for
each sampling position. The sediment samples were taken in haphazardly
chosen locations in the northern, north-eastern, eastern, south-eastern,
southern and middle of the bay. The sediment samples were freeze-dried
and sieved through a one mm sieve. Sediment larger than one mm was
manually weighed to determine its proportion, while the remaining sedi-
ment grain size distributionwasmeasured by laser diffraction on aMalvern
Mastersizer 2000 (McCave et al., 1986). A correlation between the flow
speed, orbital velocity and seagrass coverage at the collected locations
with the measured grain size was identified, as described in detail below.
2.5.2. Sediment erosion threshold
To derive a relationship between seagrass coverage, grain size and the

sediment erosion threshold, data on the stability of sediment in unvege-
tated and seagrass-vegetated patches was obtained from James et al.
(2019b). This study measured the sediment erosion threshold (flow at
which sediment began to move) within unvegetated areas, patches of
50 % T. testudinum and patches of 100 % T. testudinum in Baie de
L'Embouchure. The erosion thresholds were directly measured in situ
with the TiDyFLOW flume. The TiDyFLOW flume is a portable flume in
which a unidirectional flow can be controlled up to speeds up to 1 m s-1,
allowing for direct erosion threshold measurements on natural seagrass
meadows. Grain size distribution was measured within each replicated
patch, to account for differences in the grain size between vegetation
patches and the easier movement of smaller particles (Shields, 1936).
2.5.3. pH variable habitat
Data on the influence that varying levels of seagrass coverage have on

the magnitude of diurnal pH fluctuations observed within T. testudinum
meadows were obtained from James et al. (2019a). This data monitored
the diurnal pH variability within and outside of seagrass meadows of
T. testudinum at a sheltered seagrass meadow in the northern end of Baie
de L'Embouchure, at a strong unidirectional flow site in the southern end
of Baie de L'Embouchure, and at an exposed site in the neighbouring Orient
Bay of St Martin. Measurements from multiple sites with varying hydrody-
namic regimes, ensured that the pH measurements covered a wide
distribution of hydrodynamic conditions and seagrass coverage. The pH
fluctuations i.e. the magnitude that the pH fluctuates from day to night
within an area of seagrass was used as a proxy for the provision of a unique
pH habitat within the vegetated bay.



Fig. 2. The method process depicting the future scenarios used for the hydrodynamic simulation and the variables used for predicting the environmental parameters and
ecosystem services. Simulations (Grey boxes) of hydrodynamic conditions now and in the future from the Keyzer-model were used alongside field measurements (open
“white” boxes) of how seagrass coverage affects: pH variability, grain size and sediment erosion thresholds.
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2.6. Predicting spatial coverage of ecosystem services within a vegetated bay

2.6.1. Statistical models
Using regression analysis, statistical models were created to predict the

spatial variation in the diurnal pH fluctuations, the median sediment grain
size and the sediment erosion threshold across Baie de L'Embouchure. The
regression analyses were created using the existing published data from
Baie de L'Embouchure and neighbouring sites on St Martin (described
above). These field measurements were calibrated against the hydrody-
namic model, by determining the depth-averaged orbital flow velocity
and flow speed from the hydrodynamic model at each of the pH and
grain size measurement locations.

2.6.2. Grain size prediction
A linear regression was used to predict the median grain size, based on

the grain size dataset detailed above. Seagrass coverage (measured), depth
(measured), orbital flow velocity (modelled), flow speed (modelled), and
all interactions were used as continuous predictor variables. The model of
best fit was selected based on the AIC criterion and resulted in the equation:

Median grain size ¼ Seagrass coverþOrbital velocityþ Flow speed
þ Depthþ Seagrass cover� Depth (1)

Where×denotes an interaction termbetween the two factors. As thiswas a
linearmodel, a bottom limit of 1 μmwas set to ensure no negative grain size
predictions.
5

2.6.3. Sediment stability
Median grain size (measured) and seagrass coverage (measured) and

their interaction were used as predictor variables in a regression analysis
to predict the sediment erosion threshold.

Erosion threshold ¼ Seagrass coverþMedian grain size
þ Seagrass cover�Median Grain size (2)

Sediment stability was calculated as the percent difference between the
predicted erosion threshold and the maximum hydrodynamic force (either
flow speed or orbital velocity) at each spatial point. Thereby, a sediment
stability of 0 represents that the maximum flow is equal to the calculated
erosion threshold (Eq. (2)), below 0 indicates that the flow exceeds that
of the calculated erosion threshold so that sediment is likely to erode, and
above 0 indicates that the calculated erosion threshold is above that of
the maximum flow so that the sediment is stable. Because the sediment sta-
bility measurements were conducted under unidirectional flow, it is ex-
pected that our predictions will be conservative in areas where orbital
motion is the predominant hydrodynamic force. Orbital forces create
more turbulence at the seafloor, and thereby cause sediment to move at
slower velocities compared to unidirectional flow (James et al., 2020a).

2.6.4. pH variable habitat prediction
pH variability is driven by the photosynthesising vegetation and is

counteracted by hydrodynamic forces. To create a prediction of the pH vari-
ability across the vegetated Baie de L'Embouchure, a combined logistic and



Fig. 3. Illustration of fit of the prediction equations for the 3 aspects of seagrass
ecosystem services: sediment erosion threshold, sediment grain size and pH
habitat. Figures display the measured data plotted against the predicted values.
Solid line indicates the linear regression with the slope ± 95 % CI, R2 and n
detailed on each plot.
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linear regression approach was utilised. Firstly, the probability of seagrass oc-
currence was statistically modelled with logistic regression, using the pres-
ence/absence data from the seagrass survey dataset combined with the
hydrodynamic parameters at each spatial point from the Keyzer model
(Keyzer et al., 2020). Based on the Akaike Information Criterion (AIC) crite-
rion, the following factorswere included:water depth (linear and squared), or-
bital velocity (linear and squared), flow speed (linear and squared) and the
interaction between these factors. This resulted in the statistical model:

Psg ¼ Orbital velocity2 þ Flow speedþ Depth2 (3)

Where Psg is the probability of seagrass occurring. Secondly, the effect size that
seagrass density has on the diurnal pHfluctuationswas estimated from the pH
variability dataset (detailed above), by creating a linear regression, giving the
model:

Seagrass effect on pH ¼ Seagrass cover (4)

Finally, the logistic and linear regressionmodels were combined to give a
statistical model that predicts the magnitude of the diurnal pH fluctuations:

pH fluctuations ¼ Psg þ Seagrass effect on pHþ Psg
� Seagrass effect on pH (5)

Statistical modelling was conducted with R version 3.3 (R Core Team,
2017) and the CRAN:MASS package (Venables and Ripley, 2002). Factors
in the model were tested for multicollinearity and the linear regression
models were additionally tested for homoscedasticity and normality. All
models passed these assumptions. The fit of the regression models are illus-
trated in Fig. 3.

2.6.5. Spatial coverage of ecosystem services
The hydrodynamic model was used to determine the orbital flow veloc-

ity, flow speed and depth at each spatial point where the seagrass coverage
survey was conducted (1585 points in total) for the present-day and future
hydrodynamic scenarios. For each of these spatial points, the predictive
equations from the regression analyses were applied to predict the median
sediment grain size, the sediment stability and themagnitude of the diurnal
pH fluctuations under present-day and future hydrodynamic conditions
within Baie de L'Embouchure. Interpolation maps were created to map
the median grain size, sediment stability and pH variability across Baie de
L'Embouchure, using the inverse distance weighting method and the same
packages described above for interpolating seagrass coverage. Coastline re-
treat and changes in seagrass coverage (other than presence/absence) were
not included in our model, with this study focussing on the change in the
extent of present-day ecosystem services.

3. Results

3.1. Sensitivity of coastal protection services to sea level rise

Sediment size increases with increasing hydrodynamic forces, however,
decreases with increasing seagrass coverage and depth (Supplementary 3).
Greater hydrodynamic forces entering a bay under future sea-level scenar-
ios only result in an increase in the average median sediment grain size
when the seagrass is also lost (Fig. 4). In the absence of seagrass (scenarios
F3& F5), the average median grain size increases by 6-7% from 502±5.6
(95%CI) in present day conditions up to 583±5.5when both the seagrass
and fringing reef are lost (Fig. 4).

3.2. Sediment stability

Using the present-day seagrass coverage and predicted median grain
size and hydrodynamic conditions, we estimated the stability of the sedi-
ment within a bay in the future. The present-day sediment within the stud-
ied bay is coarse calcareous sand with a bay-averaged median grain size of
6

332.3 ± 44.3 μm (n = 16), however, the relatively low bulk density (dry
bulk density = 1.3 ± 0.08 g cm-3, n = 16) means that the drag and lift
forces from waves and currents can penetrate the upper sediment surface
and cause sediment transport. Seagrass meadows significantly stabilise
the sediment surface (t= 3.696, df = 11, p < 0.01; Supplementary 3), en-
suring most of the sediment area is stable under future scenarios where
seagrass is present (Fig. 4). Under present-day conditions, it is estimated
that sediment within 81 % of the area of Baie de L'embouchure is stable
under normal conditions i.e. percent sediment stability is >0 % (Fig. 5).
The area in which sediment is stable drops to 70 % in the future scenario
where seagrass is present and the fringing reef disappears (scenario F4).
When seagrass disappears and a low fringing reef remains (scenario F3),
only 50 % of the area in the bay is estimated to have stable sediment
(Fig. 5). In the worst-case scenario where seagrass and the fringing reef dis-
appears (scenario F5), only 26 % of the bay area has a stable sediment sur-
face, with 74 % of the sediment moving at hydrodynamic forces 50-75 %
lower than what was modelled under average flow conditions (Fig. 5).

3.3. Future of pH variable habitat with sea level rise

Photosynthesis and respiration by the seagrass meadow that extends
across the bay is estimated to result in 35% of the bay area experiencing di-
urnal pHfluctuations ranging above 0.2 units in average present-day hydro-
dynamic conditions (Fig. 5). Hydrodynamic forces counteract the pH
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fluctuations caused by photosynthesis, however, although there is an over-
all increase in the average hydrodynamic forces with a rise in the sea-level,
the deepening of the bay reduces the effects of these greater hydrodynamic
forces on the benthic seagrass meadows and the pH variability they create
(Fig. 4). When the seagrass meadows remain, the spatial area in which the
pH fluctuates diurnally by>0.2 units does not change significantly (Fig. 5).
Loss of seagrass, however, is associated with a complete loss of the bay's
large pH variability, with the pH of the seawater within the bay reflecting
that of the incoming seawater (Fig. 5).

4. Discussion

4.1. Reduction in the ecosystem services magnitude and extent

A fringing coral reef provides an effective wave barrier that shelters ad-
jacent bays and seagrass meadows from strong hydrodynamic forces
(Saunders et al., 2014; Keyzer et al., 2020). Even if the vertical accretion
of fringing reefs does not keep up with sea level rise, the protection pro-
vided by fringing reefs allows the seagrass meadow ecosystem services of
coastal protection and chemical habitat formation to persist. The loss of a
fringing reef, however, results in greater hydrodynamic forces entering
the adjacent bays. Due to an increase in the relative depth caused by sea-
level rise, the effect of the increase in hydrodynamic forces on the
ecosystem services is partially counteracted and the bed shear stress
would be reduced in some areas (Shields, 1936). In the case of Baie de
L'embouchure, an increase in hydrodynamic forces increases the overall
seafloor area vulnerable to erosion by 10 % when seagrass is still present,
although some of the shallower areas actually increase in stability due to
becoming deeper. If seagrass is completely lost, however, there is a
complete shift in the physical and chemical environment within the bay
system. With no seagrass, bay systems will become dominated by a larger
grain size in addition to there being no dynamic chemical habitat caused
by the fluctuating pH conditions resulting from the seagrass metabolism.
These changes in the physical and chemical environment highlight the
large effect that seagrass meadows have on tropical bay systems, in
particular, their provision of a habitat in which many other organisms are
dependent upon.

4.2. Positive feedback of sediment instability

An increase in sediment instability has the potential to create a positive
feedback of further sediment instability (van der Heide et al., 2010, 2011;
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James et al., 2019b). Greater sediment instability increases turbidity and
the likelihood of mechanical damage, burial and uprooting of benthic spe-
cies (van der Heide et al., 2007, 2011), which can inhibit the growth and
colonisation of seagrasses (Williams, 1990; Fonseca and Bell, 1998;
Suykerbuyk et al., 2016). As the area of unstable sediment increases, the
seagrass meadow can become more fragmented and less able to recover
from further disturbance, reducing the resilience of the ecosystem (van
der Heide et al., 2007, 2011). Tropical seagrass meadows across the globe
are already under threat from eutrophication, land-use changes, physical
disturbance and warming (Orth et al., 2006; Waycott et al., 2009). Rates
of decline of 7 % yr-1 have been estimated for global seagrass meadows,
with 58 % of monitored seagrass meadows exhibiting declines (Waycott
et al., 2009). Given that the causes of decline are often local disturbance
events brought about by human activity, it is difficult to reliably predict fu-
ture seagrass coverage in the full context of global change. We therefore
only examined scenarios of present day coverage and complete absence of
seagrass in this study. However, given the positive feedbacks associated
with sediment instability in seagrass meadows, any decline in seagrass cov-
erage risks inducing feedbacks that could not only result in the loss of pri-
mary productivity and biodiversity (Nagelkerken, 2009; McLeod et al.,
2011) but, as we show, would cause widespread erosion and alter the nat-
ural and dynamic chemical habitat within tropical bays.

4.3. Loss of ecosystem services exacerbates negative climate change effects

Future scenarios where seagrass is absent display how an unvegetated
bay leaves the sediment surface vulnerable to erosion (Ward et al., 1984;
Keyzer et al., 2020), as can be seen by the shift to a larger grain size and
a larger area with unstable sediment in Baie de L'embouchure (Fig. 5).
This increase in sediment instability can exacerbate sea level rise by causing
a further deepening of the bay and by reducing the amount of wave atten-
uation occurring within the subtidal region, which ultimately increases the
vulnerability of the surrounding shoreline to erosion and coastal flooding
(Quataert et al., 2015; Siegle and Costa, 2017; James et al., 2019b,
2020b; Venancio et al., 2020). Furthermore, an unstable sediment surface
is likely to be uninhabitable for many currently existing benthic species
within natural tropical bays, such as calcifying algae, urchins and juvenile
lobster (Lozano-Álvarez et al., 2009). The benthic community has been
shown to be tightly linked to the presence or absence of seagrass
(Lundquist et al., 2018; Seitz and Ewers Lewis, 2018; Cadier and Frouws,
2019; Githaiga et al., 2019). Once seagrass is lost, the community assem-
blage often shifts toward bioturbating organisms that can further hinder



Fig. 5. Interpolation maps display the spatial variability of the magnitude of the diurnal pH fluctuations (pH units), median grain size (μm) and sediment stability (%
difference between the sediment erosion threshold and the maximum flow; stable sediment >0 %, unstable sediment <0 %) within Baie de L'Embouchure under the
varying future scenarios. The delta maps (light blue and red shading) display the difference compared to the present-day values.
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seagrass reestablishment (Cadier and Frouws, 2019). Such a community
shift would have significant consequences for the local small-scale fisheries
that exist throughout tropical regions and could potentially impact larger
fisheries which depend upon seagrass meadows for nursery habitat
(Unsworth et al., 2019).
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In addition to the physical alterations to the seafloor, the loss of seagrass
meadows would result in the loss of the unique chemical habitat within
tropical bays. Smaller pH fluctuations within the bay ecosystem exposes
vulnerable organisms to the constant low pH, low aragonite state seawater
of the open ocean (Pörtner et al., 2014), potentially leading to further losses
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in biodiversity (Wootton et al., 2008; Goldenberg et al., 2017). Although
the full effect of pH fluctuations on organisms remains unclear (Cornwall
et al., 2013; Hurd, 2015; Mangan et al., 2017), the natural spatial and tem-
poral pH variability within vegetated ecosystems is likely to have an indi-
rect effect by increasing the habitat complexity and potentially promoting
organisms to acclimate and adapt to variable pH conditions (Botero et al.,
2015; Boyd et al., 2016; Rilov et al., 2019). Multi-generational studies
have shown how adult populations of mussels and oysters from sites with
naturally varying-pH are more resilient to low pH conditions than those
from sites exhibiting a stable pH (Parker et al., 2012; Thomsen et al.,
2017). Therefore, a complex ecosystem with dynamic conditions is more
likely to produce organisms tolerant of changes in their environment, com-
pared to habitats with stable and uniform conditions.

4.4. Other factors affecting provision of ecosystem services

This study examined the effects of future sea-level rise and presence or
loss of coral reefs and seagrass meadows on the provision of sediment
stabilisation and chemical habitat formation ecosystem services. Global
change, however, constitutes a large array of factors that could influence
the provision of ecosystem services within seagrass meadows. Examining
the loss of the coral reefs and seagrass meadows helps us to see the total
effect of these habitats regardless of the factor that may cause such
degradation, i.e. physical disturbance from storms, warming, ocean
acidification. There are intermediary steps that would occur before
complete degradation, however, which would result in less drastic changes
to the ecosystem services provided within these habitats. Extreme high
temperatures during oceanic heat-wave events can negatively impact the
metabolic rates of corals and seagrasses (Hughes and Connell, 1999;
Hughes et al., 2017b; Ruthrof et al., 2018), which would increase respira-
tion and thus reduce the chemical habitat formation service, although
Thalassia testudinum and other late-successional seagrass species have
been shown to be resilient of high temperatures (Barber and Behren,
1985; Strydom et al., 2020). Frequent local disturbance events caused by
physical damage or eutrophication can facilitate the replacement of late-
successional seagrass species, such as Thalassia testudinum, by earlier
successional species, such as Syringodium filiforme, Halodule wrightii and the
invasive seagrass Halophila stipulacea, which are able to tolerate dynamic
conditions by growing quickly. These early-successional seagrasses can still
provide sediment stabilisation and chemical habitat formation services
during calm periods (Christianen et al., 2013; James et al., 2020a).
However, they are easily uprooted during extreme hydrodynamic force
events (i.e. hurricanes and storms), and thus, would not provide long-term
coastal protection services, particularly during storms when these services
are most needed (James et al., 2020b, a). And once uprooted, all other
seagrass ecosystem services would disappear until re-colonisation, starting
at a minimum of 2 months after the disturbance (Willette et al., 2020).

4.5. Conclusions

The sediment stabilisation and chemical habitat formation services pro-
vided by tropical seagrass meadows provide a distinct habitat that locally
mitigates coastal erosion and supports a wide range of plant and animal
species. Sea-level rise threatens the provision of these services by increasing
the water depth and consequently, the hydrodynamic forces within the
coastal region. These greater hydrodynamic forces limit both the spatial ex-
tent andmagnitude that the services of sediment stabilisation and chemical
habitat formation are provided. Future scenarios of sea-level rise and habi-
tat degradation with hydrodynamic and empirical models show that the
presence of a fringing coral reef across a bay helps tomaintain these ecosys-
tem services under future sea-level rise, however, when the fringing reef
disappears the magnitude of the services are reduced. Degradation of the
seagrass meadow itself, however, constitutes the largest risk to the ecosys-
tem. Complete seagrass loss results in a larger sediment grain size that is
more unstable in combination with the loss of the diverse and dynamic
pH regime. A reduction or loss of the sediment stabilisation and chemical
9

habitat formation services provided by seagrass meadowswill greatly exac-
erbate the risk of coastal regions to both coastal erosion, flooding and ocean
acidification and could lead to community shifts. Maintaining tropical
shorelines will become more difficult as the ecosystem services provided
by seagrass meadows and coral reefs get overwhelmed by sea level rise.
Preventing further declines in coastal ecosystems is essential if we wish to
benefit from the natural climate-change mitigation that they provide, and
thereby, buffer coastal regions from the substantial risks and costs associ-
ated with sea level rise.
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