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Abstract  

Seagrass meadows and fringing coral reefs provide valuable ecosystem services that could help 

mitigate the impact of sea level rise and ocean acidification. By attenuating waves and 

stabilising the seafloor, seagrass meadows reduce coastal erosion, accrete sediment allowing 

areas to follow sea level rise and protect coastlines from flooding. Through their metabolism, 

they additionally remove CO2 from the seawater and create high pH refuges. The 

intensification of hydrodynamic forces caused by sea level rise, in addition to habitat 

degradation, could threaten the important coastal protection and pH refuge services provided 

by coral reefs seagrass meadows. We map the coverage of important ecosystem services 

provided within a tropical seagrass-dominated bay under present-day and future scenarios. A 

hydrodynamic model that simulates future hydrodynamic conditions under sea level rise and 

varying levels of habitat degradation is integrated with quantitative field measurements of the 

sediment stabilisation and pH refuge services of seagrass meadows.  

Our analyses show how increasing hydrodynamic forces within coastal areas, due to sea level 

rise, lead to a seafloor made up of a greater grain size that is increasingly unstable, and 

therefore, more vulnerable to erosion. It is the fringing coral reef, however, that determines the 

magnitude of these effects. Complete degradation of the fringing reef results in an 18% increase 

in the average orbital velocity within the bay ecosystem, which causes a 20% increase in 

seafloor area that is unstable and vulnerable to erosion. Presently, seagrass meadows provide 

a highly variable pH regime within shallow vegetated bays. As long as the seagrass meadows 

persist, the variable pH regime is maintained. A loss of seagrass coverage, however, will leave 

tropical bays vulnerable to erosion and to the low pH seawater entering from the wider ocean. 

This research highlights the importance of preserving healthy coastal ecosystems to help buffer 

coastal regions from the negative effects brought about by climate change. 
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Introduction 

Sea level rise in shallow coastal ecosystems 

Thermal expansion of the ocean and melting of the ice caps and glaciers caused by global 

warming is resulting in rapid sea level rise. The rise of the sea level around the earth’s 

coastlines exhibits complex spatial patterns that are influenced by the redistribution of ocean 

mass, gravitational effects caused by the melting of glaciers and the polar regions, and land 

subsidence (Church et al. 2013; Jevrejeva et al. 2016). Sea level predictions for coastlines 

around the globe show variations of a rise between 0.11 and 0.33 m for 2ºC of warming by 

2040 and 0.54 to  1.08 m for 5ºC of warming by 2100 (Jevrejeva et al. 2016).  

Within the nearshore zone, sea level rise constitutes a significant increase in the relative depth. 

Wave run-up will increase with the higher water levels, allowing larger waves to travel closer 

to the shore (Quataert et al. 2015; Zhu et al. 2020). It is therefore expected that there will be an 

increase in the hydrodynamic energy within the nearshore region (Storlazzi et al. 2011; 

Quataert et al. 2015; Zhu et al. 2020). The community structure and the productivity of marine 

communities is largely affected by waves and flow (Bustamante and Branch 1996; Hurd 2000). 

Given that some of the most diverse and productive marine communities are within the 

nearshore region (Mann 1973; McLeod et al. 2011), the increasing hydrodynamic forces could 

have significant implications for the functioning of coastal ecosystems (Hoegh-Guldberg and 

Bruno 2010; Zhu et al. 2020), and thereby, the vital ecosystem services that they provide.  

Ecosystem services by coral reefs and seagrass meadows 

Coastal communities and keystone species can significantly alter the local environment 

through their physical presence and metabolic activity (Anthony et al. 2011; Saunders et al. 

2014; Hurd 2015; James et al. 2019a). By changing the environmental conditions, ecosystem 

services can be provided that benefit surrounding organisms, including humans (Jones et al. 

2012; Temmerman et al. 2013a; Saunders et al. 2014). Two such community types that provide 

important ecosystem services are seagrass meadows and coral reefs.  

Seagrass meadows and algae growing on coral reefs can be so productive that their metabolic 

activity can drive diurnal fluctuations in the surrounding carbonate chemistry (Kleypas et al. 

2011; Hendriks et al. 2014; James et al. 2019a). The removal of carbon dioxide (CO2) for 

photosynthesis can cause the day time pH within seagrass meadows to be more than 0.17 units 

higher than the surrounding bulk water (Hendriks et al. 2014; James et al. 2019a), which 

corresponds to an increase in the aragonite saturation state and thus improved conditions for 

calcification (Semesi et al. 2009; Wahl et al. 2018). These high-pH conditions are only 

temporary, however, with respiration causing low pH conditions at night. Nevertheless, the 
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transient high pH conditions during the day have been hypothesised to provide a pH refuge for 

calcifying organisms in a future low-pH ocean (Frieder et al. 2014; Hurd 2015; Kapsenberg et 

al. 2018; Wahl et al. 2018).  

Fringing and barrier reefs effectively dissipate offshore wave energy, due to waves breaking 

on the shallow reefs and by the added bottom friction from the reefs’ rough bathymetry (Lowe 

et al. 2005a; Quataert et al. 2015; Siegle and Costa 2017). By acting as a first line of defence 

against offshore waves, the coral reefs provide a vital coastal protection service for shorelines 

throughout tropical regions (Arkema et al. 2013; Elliff and Silva 2017). Seagrasses thrive 

within the sheltered lagoon habitat created by the coral reefs (Saunders et al. 2014), and provide 

further coastal protection services (Christianen et al. 2013). Drag imposed by the flexible 

leaves of the seagrass canopy attenuates waves and flow propagating within the bays and 

lagoons (Peralta et al. 2008; Hansen and Reidenbach 2012; Infantes et al. 2012). Through this 

wave attenuation and by deflecting flow away from the seabed, seagrass meadows reduce 

sediment resuspension within sandy bays and lagoons and maintain a shallow bed level (Gacia 

and Duarte 2001; Hansen and Reidenbach 2012).  

The sheltered environment with a stable sediment surface and dynamic pH conditions created 

by coral reefs and seagrass meadows supports a rich diversity of organisms (Nagelkerken and 

van der Velde 2003), including important fishery species (Unsworth et al. 2019b). In addition, 

by attenuating waves and stabilising the sediment within the foreshore, coral reefs and seagrass 

meadows lessen the wave energy reaching the shoreline and reduce coastal erosion (James et 

al. 2019b), which thereby, decreases the risk of coastal flooding (Arkema et al. 2013; Quataert 

et al. 2015).  

Ecosystem services threatened by sea level rise and habitat degradation 

The pH refuge and coastal protection services provided by tropical seagrass meadows and coral 

reefs could help to buffer ocean acidification within tropical coastal regions (Hurd 2015; Wahl 

et al. 2018), and mitigate the increasing hydrodynamic forces and coastal erosion caused by 

sea level rise (Zhang et al. 2004; Ondiviela et al. 2014; James et al. 2019b). However, the 

provision of these vital ecosystem services is threatened by sea level rise and habitat 

degradation (Hoegh-Guldberg et al. 2007; Quataert et al. 2015; Siegle and Costa 2017). The 

rate of sea level rise is so rapid that it can exceed the vertical accretion rate of coral reefs 

(Hoegh-Guldberg et al. 2007; van Woesik et al. 2015; Elliff and Silva 2017). At a greater depth, 

larger waves will be able to cross over the coral reefs without breaking (Lowe et al. 2005a; 

Quataert et al. 2015; Siegle and Costa 2017), leaving tropical bays and lagoons more exposed 

to increasing hydrodynamic forces (Saunders et al. 2014).  
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The pH variability driven by photosynthesising vegetation is strongly counteracted by water 

motion and increasing exchange with the open ocean (Koweek et al. 2018; James et al. 2019a). 

In more wave-exposed areas, the spatial extent and magnitude of the pH change by seagrass 

tends to be lower, resulting in a more homogenous pH regime and less effective pH refuges 

(Hurd 2015; James et al. 2019a). The greater hydrodynamic forces entering the bay may also 

counteract the wave attenuation by seagrass and increase sediment transport (Shields 1936), 

thereby reducing the coastal protection services of seagrass meadows. Although tropical 

seagrass meadows are effective at attenuating waves during extreme storms (James et al. 

2020b), when oscillatory flow at the seabed exceeds 0.17 m s-1 or unidirectional flow velocities 

reach 0.5 m s-1 the surface sediment can begin to move (James et al. 2020a). Thus, increasing 

hydrodynamic forces caused by sea level rise will mean that flow thresholds for sediment 

movement will be met more frequently. 

In addition, global change is threatening the existence of coral reefs and seagrass meadows. 

Local stressors such as eutrophication, over-fishing, sedimentation and physical damage from 

boating activities have reduced the resilience of much of the world’s 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 more frequent marine heat waves 

(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). Over 60% of the world’s reefs are 

considered seriously damaged (Burke et al. 2011), while the spatial coverage of seagrasses is 

declining at a rate of 7% y-1 (Waycott et al. 2009). The loss of fringing coral reefs and seagrass 

meadows in conjunction with sea level rise could greatly restrict the provision of the coastal 

protection and pH refuge services provided within tropical coastal zones, potentially 

exacerbating climate change effects along tropical shorelines. 

Future scenarios of ecosystem services within tropical seagrass-vegetated bays 

The sea level in the Caribbean sea is projected to rise by 0.87 m by 2100 under a 5ºC 

temperature increase (Jevrejeva et al. 2016). Along with sea level rise, 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 vertical accretion rates of coral reefs are sufficient to keep up with sea level rise. This 

best-case scenario is credible in regions where the coral reefs are in good health and relatively 

undamaged from local stressors (Buddemeier and Smith 1988). Indeed, van Woesik et al. 

(2015) reported vertical accretion rates of more than 10 mm y-1 on coral reefs in Palau (Western 

Pacific), which if maintained, would allow coral reefs to keep up with sea level rise. A 

‘Remain’ 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 around 
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3.3; at or below this level it is found that accretion of coral reefs ceases or becomes negative 

(Kleypas et al. 1999; Hoegh-Guldberg et al. 2007). The third, most extreme, fringing reef 

scenario is if the coral reef ‘Gives-up’ and is no longer present. The ‘give-up’ scenario is 

already happening in regions around the world where coral reefs experience intense local 

stressors, such as declining water quality and over-fishing of key species, 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 has been hypothesised that the decline in coral reefs could reduce the 

habitability zones of seagrass meadows also (Saunders et al. 2014; Keyzer et al. 2020).  

Presently, it is unknown how modification of fringing reef height and presence (Keep up, 

Remain or Give up scenarios) and loss of seagrass meadows will impact the provision of the 

important pH refuge and coastal protection services provided within tropical vegetated bays 

and lagoons. However, these natural ecosystem services could help mitigate intensifying 

coastal erosion and flooding caused by sea level rise. Keyzer et al. (2020) simulated how the 

hydrodynamic forces change within a tropical seagrass-vegetated bay under future scenarios 

of sea level rise, coral reef response and seagrass presence or absence. Combining these 

hydrodynamic simulations with field measurements of the pH refuge and sediment stabilisation 

services provided by seagrass meadows, we map how the chemical and physical feedbacks 

associated with seagrass and coral reef ecosystems will be impacted by sea level rise and 

ecosystem degradation. The contribution of sea level rise, the fringing coral reef and seagrass 

meadows on the provision of pH refuge and coastal protection services in a tropical bay were 

systematically assessed. With this knowledge we i) identify important factors that exacerbate 

sea level rise and ocean acidification in coastal regions and ii) highlight how effective climate 

change adaption strategies can be used to improve the ability of coastal ecosystems and 

communities to survive in a rapidly changing climate.  

Methods 

Site description 

Baie de L’Embouchure, a seagrass-dominated bay on the eastern coast of St Martin, Caribbean 

was used as a case-study to explore how the pH alteration, wave attenuation and sediment 

stabilisation services provided by seagrass meadows and fringing coral reefs will be affected 

by sea level rise. 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) environment. Baie de L’Embouchure typically experiences a small tidal 

range of 0.2-0.3 m, and there are no freshwater inputs. Extensive seagrass meadows, dominated 
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by the late-successional species Thalassia testudinum, grow on calcareous sand throughout the 

bay. The calcareous sand is supplied by the erosion of the fringing coral reef and calcifying 

algae grow adjacent to and amongst the seagrass.  

Site measurements 

Seagrass coverage: Seagrass coverage within Baie de L’Embouchure was mapped 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), medium (50% seagrass coverage) or 

dense (100% seagrass coverage). An interpolation map depicting the seagrass cover was 

created using the inverse distance weighting method, where a maximum of 5 neighbouring 

observations were used to interpolate the known spatial points across the map of Baie de 

L’Embouchure (Fig. 1). R version 3.3 (R Core Team 2017) and the packages ‘sp’(Pebesma 

and Bivand 2005; Bivand et al. 2013), ‘rgdal’ (Bivand et al. 2016), ‘dismo’ (Hijmans et al. 

2011) and ‘gstat’ (Pebesma 2004) were used to create the interpolation maps.  

 

Fig. 1. Seagrass coverage (percent benthic cover) across Baie de L’Embouchure. 

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. 
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The D-Waves (Deltares 2018a), D-Flow (Deltares 2018b) and vegetation modules (Deltares 

2018b) were included in the model, so that the flow, waves, their mutual interactions and their 

interaction with vegetation were all included in the simulations. Flow was computed on an 

unstructured, triangular grid with a resolution from 50 m within the bay up to 150 m at the 

offshore boundary. The eastern offshore boundary was a Neumann boundary so that water 

could move freely, and was situated 3 km offshore where the flow was unaffected by the 

bathymetry. Constant and uniform conditions were prescribed at the boundary based on the 

average conditions within the area, with a significant wave height of 1.5 m, a peak period of 9 

s and a uniform easterly wind of 5 ms-1. An extensive description of the model and the solved 

equations can be found in Kernkamp et al. (2011) and Keyzer et al. (2020). The time-averaged 

orbital flow velocities and flow speeds produced by the hydrodynamic model were used for 

this study. 

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 nearby San Juan, Puerto Rico by 

2100 (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 altering the 

bathymetry within the hydrodynamic model: (1) Keep-up: coral reef growth rate keeps up with 

sea level rise, (2) Remains: coral reef survives but stays the same height 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 seagrass (a) present and (b) absent 

were conducted by turning the vegetation module on or off in the Delft3D model. All seagrass 

scenarios were considered, except the absence of seagrass when the coral reef keeps up as it 

would be assumed the conditions would remain favourable for seagrass under this scenario 

(Fig. 2).  

Measurements of ecosystem services 

pH variability: Data on the influence that varying levels of seagrass coverage have on the 

diurnal pH range 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 hydrodynamic regimes, ensured that the pH 

measurements covered a wide distribution of hydrodynamic conditions and seagrass coverage. 

The magnitude of the diurnal pH range was used as a proxy for the pH refuge service within 

the vegetated bay.  
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Fig. 2. A schematic outlining the methods process, and the future scenarios used for the hydrodynamic simulation. 
Simulations (solid coloured 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. Ultimately, this should enable us to predict the coverage of the coastal 
protection and pH refuge services within a tropical seagrass-dominated bay.  

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). Because the sediment supply should be relatively uniform across Baie de 

L’Embouchure, the bottom shear stress is assumed to be the main driver of sediment grain size 

variability across the bay. The flow regime, depth and density of vegetation significantly 

impact the bottom shear stress, and were therefore used to assess the variability of grain size 

within Baie de L’Embouchure. To derive an estimate of the effect of seagrass, depth and flow 

on the sediment grain size, sediment samples were collected in 50 mL sampling containers 

from unvegetated areas and in seagrass patches (patches greater than 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 sediment grain size 
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distribution was measured by laser diffraction on a Malvern Mastersizer 2000 (McCave et al. 

1986). The observed grain size was subsequently coupled to hydrodynamics and seagrass cover 

to estimate the sediment erosion threshold (details below). 

Sediment erosion threshold: Data on the stability of sediment in unvegetated 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). Comparing the erosion threshold with the hydrodynamic regime, the stability of the 

sediment was estimated.  

Predicting spatial coverage of ecosystem services within a vegetated bay 

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

spatial coverage of the pH range, median sediment grain size and the sediment erosion 

threshold within 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 hydrodynamic 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.  

pH refuge prediction: pH variability is driven by the photosynthesising vegetation and is 

counteracted by hydrodynamic forces. To create a prediction of the pH variability across the 

vegetated Baie de L’Embouchure, a combined logistic and linear regression approach was 

utilised. Firstly, the probability of seagrass occurrence was statistically modelled with logistic 

regression, using the presence/absence data from the seagrass survey dataset combined with 

the hydrodynamic parameters at each spatial point from the Keyzer model. Based on the 

Akaike Information Criterion (AIC) criterion, the following factors were included: water depth 

(linear and squared), orbital velocity (linear and squared), flow speed (linear and squared) and 

the interaction between these factors. This resulted in the statistical model: 

Psg = Orbital velocity2 + Flow speed+ Depth2 
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Where Psg is the probability of seagrass occurring. Secondly, the effect size that seagrass 

density has on the diurnal pH range was estimated from the pH variability dataset (detailed 

above), by creating a linear regression, giving the model: 

Seagrass effect: pH range = Seagrass cover 

Finally, the logistic and linear regression models were combined to give a statistical model that 

predicts the diurnal pH range: 

pH range = Psg + Seagrass effect+ Psg:Seagrass effect 

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 = Seagrass cover  + Orbital velocity + Flow speed + Depth + 

Seagrass:Depth 

As this was a linear model, a bottom limit of 1 µm was set to ensure no negative grain size 

predictions.  

Sediment stability: As the sediment erosion threshold was measured through an in situ 
experiment where conditions were manipulated, the predictor variables, median grain size 

(measured) and seagrass coverage (measured) and their interaction were used for the regression 

analysis. 

Erosion threshold  = Seagrass cover  + Median grain size + Seagrass:Grain size 

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 erosion threshold, below 0 indicates that the flow exceeds that of the erosion threshold so 

that sediment is likely to erode, and above 0 indicates that the erosion threshold is above that 

of the maximum flow so that the sediment is stable. Because the sediment stability 

measurements were conducted under unidirectional flow, it is expected 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).   
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Statistical modelling was conducted with R version 3.3 (R Core Team 2017) and the ‘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 illustrated in Fig. 3.  

 

Fig. 3. Illustration of fit of the prediction equations, displaying the measured data against the predicted values.  

Spatial coverage of ecosystem services: The hydrodynamic model was used to determine the 

orbital flow velocity, 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 pH range, median sediment grain size and subsequently, 

the sediment stability under present day and future hydrodynamic conditions within Baie de 

L’Embouchure. Interpolation maps were created to map the pH variability, median grain size 
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and sediment stability across Baie de L’Embouchure, using the same method described above 

for the seagrass coverage:  

With sea level rise it would be expected that the shoreline would retreat and thereby the bay 

area would increase. Due to a lack of data on how this would occur i.e. how far the shoreline 

would retreat, and what the new beach profile would be, this study just looks at how the 

ecosystem services within the present-day bay area would change. The implications of a 

shoreline retreat are discussed further in the discussion section.  

Results 

Hydrodynamic changes under future scenarios  

The depth-averaged hydrodynamic model of Baie de L’Embouchure in St Martin, displays 

how sea level rise causes larger hydrodynamic forces at the outer fringing reef, which leads to 

an increase in the spatially-averaged orbital velocity and flow speed within the shallow bay 

(Fig. 4 & Appendix E1). Varying scenarios exhibit how the loss of the fringing coral reef 

results in the largest increase in the orbital velocity and flow speed within the bay. In the most 

extreme scenario (F5: no fringing reef and no seagrass), the spatially-average orbital velocity 

is 23% greater compared to present day hydrodynamic conditions (Fig. 4). A fringing reef that 

remains, but does not keep up with sea level rise (scenario F2), helps to shelter the bay from 

the largest waves (Fig. 4 & Appendix E1). Nevertheless, with a low fringing reef there is an 

overall increase of 11% in the spatially-average orbital flow velocity within the bay (95% CI, 

n = 16125) when seagrass is present. The survival of a high fringing coral reef (scenario F1), 

results in a lower flow speed within the bay but no significant difference in the orbital velocity 

(Fig. 4). Scenarios with the same bathymetry with and without vegetation, highlight how the 

seagrass meadows effectively attenuate the waves within the bay. The orbital flow velocity 

within scenarios where seagrass vegetation is absent is approximately 4-5% faster than the 

scenarios where seagrass is present (Fig. 4 & Appendix E1).  
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Fig. 4. Spatially-average values across Baie de L’Embouchure of the modelled hydrodynamic forces (depth-
averaged orbital velocity and flow speed) and the predicted ecosystem parameters (pH range, grain size and 
sediment stability) under the varying future scenarios of sea level rise. Average present-day conditions are 
represented by the grey shaded area within the graphs. Depth profiles on the left illustrate the depth profiles of 
the scenarios: reds line indicate the position of the fringing coral reef and green lines indicate the presence of 
seagrass. Error bars are calculated 95% confidence intervals (n = 15899).  

Lowering effectiveness of ecosystem services with sea level rise 

pH refuges: Dense seagrass meadows extend over the majority of Baie de L’Embouchure, with 

a few sparse patchy areas of seagrass where the hydrodynamic forces are more concentrated, 

such as in the southern end near the islet and in the south west corner of the bay (Fig. 1). Dense 

meadows can change the pH of the surrounding seawater, creating regions within the bay where 

the pH fluctuates by more than 0.3 units. This pH change is inversely related to the 

hydrodynamic forces within the bay (Appendix E2). Under present day conditions, it is 

estimated that 35% of the bay area experiences fluctuations above 0.2 units, driven by the 

seagrass meadows (Fig. 5). Sea level rise results in stronger hydrodynamic forces entering the 

bay, however, the influence that these forces have on the present day seagrass meadows is 

counteracted by the deepening of the bay. The spatially-averaged pH variability across the bay 

does decrease slightly under the future scenarios of sea level rise and degradation of the 

fringing coral reef (Fig. 4), representing a lower variability in the pH in unvegetated regions 

(Fig. 5). The spatial area in which the pH fluctuates diurnally by more than 0.2 units, however, 

does not change when the seagrass meadows remain present (Fig. 5). The loss of seagrass is 

associated with a loss of the bay’s large pH variability, with the pH of the seawater within the 

bay reflecting that of the incoming seawater. 

Grain size: The size of sediment is positively related to the hydrodynamic forces, however, 

negatively related to the seagrass coverage and depth (Appendix E2). Greater hydrodynamic 

forces entering the bay under future scenarios results in a slight increase in the median sediment 

grain size across the bay, however, the largest changes occur when seagrass is lost (Fig. 5). In 
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the absence of seagrass (scenarios F3 & F5), the average median grain size increases by 6-7% 

(Fig. 4). 

 

Fig. 5. Interpolation maps display the spatial variability of the pH range, 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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Sediment stability: Using the present-day seagrass coverage and predicted median grain size 

and hydrodynamic conditions, we can estimate the stability of the sediment within the bay in 

the future. Seagrass meadows significantly stabilise the sediment surface (t = 3.696, df = 11, p 

< 0.01; Appendix E2), ensuring a majority 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 the bay is stable under normal conditions i.e. percent sediment 

stability is greater than 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 disappears (scenario F5), only 26% of the bay area is stable, with 74% of 

the sediment moving at hydrodynamic forces 50-75% lower than what was modelled under 

average flow conditions (Fig. 5).  

Discussion 
Ecosystem services under threat from global change 

Fringing coral reefs and seagrass meadows help mitigate global change in coastal regions by 

creating a variable pH habitat (Hurd 2015; Koweek et al. 2018; James et al. 2019a), attenuating 

waves (Hansen and Reidenbach 2012; Reidenbach and Thomas 2018; James et al. 2020b) and 

reducing erosion (Widdows et al. 2008; James et al. 2019b). The provision of these ecosystem 

services is threatened by increasing hydrodynamic forces caused by sea level rise and the 

potential degradation of the fringing reefs and seagrass meadows. A fringing coral reef 

provides an effective wave barrier that shelters the seagrass meadow from strong 

hydrodynamic forces, and thereby, maintains conditions suitable for the provision of effective 

ecosystem services, even if the vertical accretion of the fringing reef does not keep up with sea 

level rise. However, the loss of a fringing reef results in greater hydrodynamic forces entering 

the bay, which increases the seafloor area vulnerable to erosion by up to 20% when seagrass 

are still present. A complete loss of seagrass from a sandy bay ecosystem, would not only result 

in the loss of important habitat and primary production (Nagelkerken 2009; McLeod et al. 

2011), but would dramatically alter the natural pH regime and cause widespread erosion across 

the entirety of the bay.  

A reduction or loss of the variable pH and coastal protection services provided by fringing 

reefs and seagrass meadows would have substantial ecological consequences for tropical bays. 

Smaller pH fluctuations within the bay ecosystem exposes vulnerable organisms to the constant 

low pH seawater of the open ocean (Pörtner et al. 2014), potentially leading to the loss of 

biodiversity and community shifts (Wootton et al. 2008; Goldenberg et al. 2017). Greater 

sediment instability increases turbidity and the likelihood of mechanical damage, burial and 

uprooting of benthic species (De Boer 2007; van der Heide et al. 2011), which can inhibit the 
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growth and colonisation of seagrasses (Williams 1990; Fonseca and Bell 1998; Suykerbuyk et 

al. 2016). As the sediment surface becomes more unstable, the coverage of seagrasses will 

decline, further reducing the wave and flow attenuation within the bays and increasing 

sediment instability. Such an alteration in the sediment and flow dynamics could potentially 

lead to a collapse of the seagrass population (van der Heide et al. 2011; Suykerbuyk et al. 

2016). The future scenarios where seagrass is absent, display how an unvegetated bay would 

have an unstable sediment surface that is likely to be uninhabitable for benthic species. An 

unvegetated bay environment also leaves the shoreline vulnerable to erosion and would 

increase the likelihood of coastal flooding through a lack of wave attenuation (Quataert et al. 

2015; Siegle and Costa 2017; James et al. 2019b). 

Shoreline retreat from a rising sea level 

As sea level rises, the shoreline will typically retreat, thereby opening up more subtidal area 

suitable for seagrass habitation (Saunders et al. 2013; Valle et al. 2014). If the seagrass 

community is in a healthy state, then this additional area should eventually be colonised by the 

seagrass meadow, which might compensate for the loss of ecosystem services in more exposed 

regions of the bay. An investigation into new seagrass habitat created by shoreline retreat in 

Australia, however, predicted a higher percentage of habitable area would be lost compared to 

gained from sea level rise (Saunders et al. 2013). The reduction in water clarity in deeper areas 

in combination with the new subtidal regions being composed of unsuitable substrate means 

that new subtidal habitat cannot be relied upon to compensate for the loss of seagrass in deeper 

or more exposed regions. In the Caribbean situation, the new habitat will most likely be 

composed of bare, unstable sediment from the beach berm. It will, therefore, take time for the 

seagrass meadows to colonise the unstable sediment surface; initially by quick growing species 

that are tolerant of some sediment mobility i.e. Syringodium filiforme, then followed by the 

late-successional species, which are slower growing and require a more stable sediment surface 

to establish (Williams 1990). 

Restoring coastal ecosystems to protect shorelines from climate change  

Due to the requirement of high-resolution data, this study was restricted to one bay only. 

However, the general trends highlight the effects of sea level rise and habitat degradation on 

the provision of the important ecosystem services - i.e., pH variability and coastal protection - 

throughout tropical seagrass-vegetated regions. Presently, the hydrodynamic regime and 

morphology of tropical shorelines are largely influenced by coral reefs, seagrass meadows and 

their ability to attenuate waves and stabilise sediment (Boon and Green 1988; Roberts et al. 

1992; Saunders et al. 2014). These coastal ecosystems shelter the shoreline from the largest 

waves and create shallow bays with sandy beach berms, which is beneficial for coastal flood 

protection, shoreline stability, as well as for tourism (Gable 1997; UNWTO 2016). However, 
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maintaining this shoreline will become more difficult as the ecosystem services provided by 

seagrass meadows and coral reefs get overwhelmed by sea level rise. Improving coastal 

management, by utilising more sustainable fishing techniques, moderating coastal 

development and improving water quality, will help to reverse the degradation of coral reefs 

and seagrass meadows (Saunders et al. 2013). By ensuring these important ecosystems exist, 

we could partly counteract the increasing hydrodynamic forces caused by sea level rise along 

tropical coastlines.  

Effective and sustainable adaptations strategies are needed to minimise the considerable 

impacts of climate change on coastal ecosystems and shorelines (Anthony et al. 2008; Nicholls 

and Cazenave 2010; Hallegatte et al. 2013; Pörtner et al. 2014). Here we have shown that 

depending on the extent that tropical seagrass meadows and coral reefs can persist in the future, 

they can provide important ecosystem services that will mitigate ocean acidification and 

coastal erosion under future sea level rise. However, the loss of these ecosystem services will 

greatly exacerbate the damaging effects of climate change. Hence, 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 associated with sea level rise. 
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Appendix E 
 

 

Appendix E1. Interpolation maps displaying the depth, depth-averaged orbital velocity (m s-

1) and depth-averaged flow velocity (m s-1) within Baie de L’Embouchure under the varying 

future scenarios. Simulations are from Keyzer et al. (2020). The delta maps (light blue and red 

shading) display the difference compared to the present day values. 
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Appendix E2. Regression analysis output for the predictive equations of the pH range, median 
grain size and sediment stability. 

Logistic regression: Seagrass probability     
SG presence ~ Orbital velocity2 + Flow speed + Depth2   
Data = Seagrass survey      
        
Residuals:       
Min 1Q Median 3Q Max   
-1.9571 -1.2031 0.7426 1.1134 1.6085   
        
Coefficients:      
  Estimate Std. Error t value Pr(>|t|)   
(Intercept) -0.122 0.145 -0.845 0.398   
Orbital velocity2 -2.250 1.237 -1.819 0.069 . 
Flow speed 4.941 0.687 7.188 0.000 *** 
Depth2 -0.069 0.018 -3.827 0.000 *** 
---       
Null deviance: 2144.4  on 1562  degrees of freedom 
Residual deviance: 2047.3  on 1559  degrees of freedom 
AIC: 2055.3 
Number of Fisher Scoring iterations: 4 

      
      
Linear regression: Seagrass effect    
pH range ~ Seagrass cover    
Data = pH variability     
      
Residuals:      
Min 1Q Median 3Q Max  
-0.17573 -0.04972 0.01028 0.04207 0.17947  
      
Coefficients:     
 Estimate Std. Error t value Pr(>|t|)  
(Intercept) 0.110 0.019 5.822 0.000 *** 
Seagrass cover 0.001 0.000 4.742 0.000 *** 
      
Residual standard error: 0.0738 on 57 degrees of freedom  
Multiple R-squared:  0.2829, Adjusted R-squared:  0.2703  
F-statistic: 22.49 on 1 and 57 DF,  p-value: 1.455e-05  
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Linear regression: pH range prediction       
pH range ~ Seagrass probability * Seagrass effect    
Data = Seagrass survey and pH variability     
        
Residuals:       
Min 1Q Median 3Q Max   
-0.159037 -0.04113 -0.004948 0.032547 0.176075   
        
Coefficients:      
  Estimate Std. Error t value Pr(>|t|)   
(Intercept) -0.047 0.060 -0.783 0.437   
Seagrass probability 0.160 0.143 1.125 0.266   
Seagrass effect 1.348 0.305 4.415 0.000 *** 
SG probability:SG effect -1.117 0.726 -1.539 0.130   
        
Residual standard error: 0.06815 on 55 degrees of freedom   
Multiple R-squared:  0.4099, Adjusted R-squared:  0.3777   
F-statistic: 12.73 on 3 and 55 DF,  p-value: 1.975e-06   

 

 

 
Step-wise Regression: Median grain size     
SD50MUM = seagras + orbital velocity + flow speed + depth + seagrass*depth 
Data = grain size      
        
Residuals:       

Min 1Q Median 3Q Max   
-218.2 -82.79 12.54 65.66 161.65   

        
Coefficients:      
  Estimate Std. Error t value Pr(>|t|)   
(Intercept) 336.1273 60.2392 5.58 5.70E-06 *** 
Seagrass 0.5966 1.1239 0.531 0.599723   
Orbital velocity -657.3792 293.0608 -2.243 0.032983 * 
Flow speed 1270.9636 313.7646 4.051 0.000367 *** 
Depth 60.2993 39.1651 1.54 0.13488   
SG:depth -1.4396 1.1003 -1.308 0.201405   
---       
        
Residual standard error: 105.3 on 28 degrees of freedom   
Multiple R-squared:  0.4555, Adjusted R-squared:  0.3582    
F-statistic: 4.684 on 5 and 28 DF,  p-value: 0.003117     

 
Step-wise Regression: Sediment Stability       
Stability = seagrass + grain size  
Data = Shear velocity      
        
Residuals:       

Min 1Q Median 3Q Max   
-24.7361 -4.6137 -0.3071 8.4332 15.0464   

        
Coefficients:       
  Estimate Std. Error t value Pr(>|t|)   
(Intercept) -6.205217 23.463726 -0.264 0.79632   
Seagrass 1.034722 0.279975 3.696 0.00353 ** 
Median grain size 0.071419 0.068303 1.046 0.31817   
Seagrass*grain -0.001605 0.001046 -1.535 0.15303   
---       
        
Residual standard error: 12.91 on 11 degrees of freedom   
Multiple R-squared:  0.8597, Adjusted R-squared:  0.8214    
F-statistic: 22.47 on 3 and 11 DF,  p-value: 5.396e-05     
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