
 

 

 University of Groningen

The future of seagrass ecosystem services in a changing world
James, Rebecca K.

DOI:
10.33612/diss.132586601

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2020

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
James, R. K. (2020). The future of seagrass ecosystem services in a changing world. [Thesis fully internal
(DIV), University of Groningen]. https://doi.org/10.33612/diss.132586601

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 23-05-2023

https://doi.org/10.33612/diss.132586601
https://research.rug.nl/en/publications/3a8c56db-7bed-4c9e-ac7f-c72453e2a102
https://doi.org/10.33612/diss.132586601


 

 

The future of seagrass ecosystem 
services in a changing world 

 

 

 

Rebecca Kate James 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

The research presented in this thesis was conducted as part of the SCENES “Stability of 
Caribbean coastal ecosystems under future extreme sea level change” project and was 
funded by the NWO ‘Caribbean Research: a Multidisciplinary Approach’ program.  
 
All work was conducted with the support of the Department of Estuarine & Delta Systems, 
Royal Netherlands Institute for Sea Research (NIOZ) and the Faculty of Science and 
Engineering, University of Groningen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rebecca James 
The future of seagrass ecosystem services in a changing world 
175 pages 
 
PhD thesis, University of Groningen, Groningen, NL (2020) 
With references, with summaries in English and Dutch 
  



 

 
 
 
 
 

The future of seagrass ecosystem 
services in a changing world 

 
 
 
 
 

PhD thesis 
 
 
 
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. C. Wijmenga 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Friday 25 September 2020  at 12.45 hours 
 
 
 

by 
 
 
 

Rebecca Kate James 
 

born on 6 November 1987 
in Palmerston North 

  



 

 

Supervisors 
Prof. T.J. Bouma  

Prof. P.M.J. Herman  

Prof. T. van der Heide  

 

Co-supervisor 
Dr. M.M. Van Katwijk  

 

Assessment Committee 
Prof. H. Olff  

Prof. K.R. Timmermans  

Prof. A.J.H.M. Reniers  

 
 

  



 

  



 

  



 

Table of contents 
Chapter 1: 1 

General introduction  

Chapter 2: 17 

Water motion and vegetation control the pH dynamics in seagrass-
dominated bays  

Chapter 3: 43 

Seagrass coastal protection services reduced by invasive species 
expansion and megaherbivore grazing  

Chapter 4: 67 

Maintaining tropical beaches with seagrass and algae: a promising 
alternative to engineering solutions  

Chapter 5: 81 

Tropical biogeomorphic seagrass landscapes for coastal protection: 
persistence and wave attenuation during major storm events  

Chapter 6: 107 

Climate change mitigation by coral reefs and seagrass beds at risk: how 
global change compromises ecosystem services of coastal protection 
and pH refuges  

Chapter 7: 129 

General discussion: mitigating climate change with seagrass ecosystem 
services  

Summary/Samenvatting 143 

References 147 

Acknowledgments 171 

Curriculum Vitae 173 



 

 
 



 

 
 
 
 
 
 
 

Toitū te Marae o Tāne 
Toitū te Marae o Tangaroa 

Toitū te iwi 
 

If the realm of Tane (the forest) survives 
If the realm of Tangaroa (the sea) survives 

The people live 
  



 

 



[Type here] 
 

  

Chapter 1: 
General Introduction 



Introduction 

 2 

Chapter 1: 

General Introduction 

Diverse ecosystems are found all across the planet. These ecosystems consist of a community 
of organisms and the physical environment that they inhabit. To grow and succeed, organisms 
need to adapt to their physical environment and efficiently make use of the resources available 
to them (such as water and nutrients). In turn, organisms alter the surrounding environment 
through their presence and metabolism, changing the conditions in ways that can both 
positively or negatively affect other organisms. Primary producers, such as plants, 
phytoplankton and macroalgae, photosynthesise and create a food source that supports entire 
food webs (Pomeroy 1974; McNaughton et al. 1989). Communities of plants and macroalgae 
create a complex habitat where other organisms can live (Jones et al. 1994). Herbivory and 
predation stabilise population numbers and force organisms to adapt defence strategies 
(Ehrlich and Raven 1964). These fundamental species interactions result in diverse and 
complex ecosystems.  

Understanding how ecosystems function often enlightens us to the importance of these 
ecosystems and the benefits that they provide to humans. Specific services provided by 
ecosystems that are recognised as being beneficial to humanity, are termed ecosystem services. 
Ecosystem services can be wide-ranging; from the provision of resources like food, supporting 
services like nutrient cycling, cultural services like aesthetic and educational values, and 
regulating services, which are of particular importance in the presently changing world 
(Costanza et al. 1997; Daily and Matson 2008). For example salt marshes and mangroves are 
recognised for their significant flood defence services during storm surges (Temmerman et al. 
2013a; Möller et al. 2014) and being major carbon sinks (McLeod et al. 2011). Only by 
obtaining a fundamental understanding of how ecosystems function and provide these services, 
can we preserve these vital ecosystems, continue to benefit from their services, and potentially 
obtain the ability to sustainably utilise the ecosystem services to solve issues that we are facing 
now and in the future. In this thesis, I examined the ecosystem found within shallow Caribbean 
bays (i.e., tropical seagrass meadows adjacent to fringing coral reefs and which front a sandy 
beach slope), and investigated i) their functioning, ii) the ecosystem services that they provide 
to surrounding human communities both environmentally and economically, and iii) the 
resilience of the ecosystem services to climate change.  
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Beach Systems & human pressures 

Beaches mark the transition between the ocean and the land. They are composed of varying 
zones in which the waves interact with the seabed and cause a distinct beach morphology (Fig. 
1). In the nearshore region, waves propagate from the offshore, becoming slower but taller as 
they enter the shallower waters. As the waves continue travelling into the shallows, they 
become unstable and break within the shoreface region; also termed the surf zone. The rush of 
water from the breaking waves (the swash) reach the beach face, which extends above the sea 
level. At the beach face, a terrace of deposited sand can accumulate, termed the beach berm. 
Behind the beach berm, wind processes often move sand landward, creating dunes in the beach 
backshore (Fig. 1). Sand dunes provide protection against flooding, forming a natural wall that 
protects against storm surges and absorbing wave energy when large waves reach the beach 
backshore (Houser and Ellis 2013). The sand in dunes also can replenish the beach after erosion 
from storms (Silva et al. 2014). 

Fig. 1. The regions within a beach system, from the offshore up to the backshore region where dunes can form. 

Sediment movement within the beach region is naturally dynamic. Waves, currents and tides 
redistribute sand that is accumulated in the coastal zone, altering the coastal landscape. There 
is a fine balance between accretion and erosion within a beach region. For the beach to accrete 
and grow, a continuous supply of sediment is required. Sediment can come from the weathering 
of terrestrial and marine rocks, or from biological sources such as calcifying organisms like 
corals and coralline algae (Harney and Fletcher 2003; Barry et al. 2013; Perry et al. 2015; Liang 
et al. 2016). When there is a disruption in the sediment supply, or when hydrodynamic forces 
transport sediment out of the beach system at a greater rate than the supply of sediment, beach 
erosion occurs (Luijendijk et al. 2018). Individual storms can cause short-term erosion, 
however, this is generally only temporary, with accretion occurring after normal conditions are 
resumed (Silva et al. 2014). Long-term deficiencies in the sediment supply result in chronic 
erosion. Chronic erosion in the beach system creates a deeper beach profile, which allows 
higher energy waves to propagate across the beach and to reach the shoreline. These stronger 
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wave forces exacerbate the erosion processes, creating a positive feedback and making it 
difficult to transform a chronically eroding beach into an accreting beach (Anfuso et al. 2001; 
Stive et al. 2013; Luijendijk et al. 2018).  

Over 1.2 billion people live within 100 km of a shoreline (Small and Nicholls 2003), with 18 
megacities (population > 10 million) located in coastal zones. This intense anthropogenic 
pressure has disrupted the natural hydrodynamic and sediment processes along much of the 
world’s coastlines. Structures built too close to the shoreline can inhibit the movement of 
sediment from the foreshore to the backshore and vice versa. Hard structures at the water level 
and extending into the sea, such as seawalls and wharfs, cause wave reflection which can 
amplify hydrodynamic forces around the structures, and again, disrupt natural sediment 
movement (Ranasinghe and Turner 2006; Castelle et al. 2009; Silva et al. 2014). Erosion is a 
natural process within coastal regions, however, when erosion becomes chronic in a beach 
system, the shoreline can retreat rapidly, which increases the risk of coastal flooding (Silva et 
al. 2014). It has been estimated that 24% of the world’s sandy beaches erode more than 0.5 m 
year-1 (Luijendijk et al. 2018). 

Beaches in the Caribbean protected by coastal ecosystems 

The Caribbean sea (Fig. 2) is bordered by numerous islands, which have been formed through 
volcanic activity. Coral reefs often fringe these islands, thereby providing a protective barrier 
against the incoming swell from either the Atlantic Ocean to the east or from the Caribbean 
sea to the west (Saunders et al. 2014). Sheltered areas landward of the fringing reefs fill up 
with calcareous sand that is supplied by the erosion of the coral reefs and other calcifying 
organisms (Harney and Fletcher 2003; Saunders et al. 2014). This process results in shallow 
bays and lagoons that are typically inhabited by seagrass, which thrive in the sheltered and 
high-light conditions (Fig. 3). Further towards shore, vegetation such as the Caribbean 
Seagrapes (Coccoloba uvifera), may grow on the dunes and stabilise the beach backshore. 
Estuaries adjacent to the beach system can be bordered by mangroves, which help to filter the 
sediment run-off from the land, and thereby, improve the water quality and clarity of the coastal 
regions (Scoffin 1970; Alongi 2008). Animals and detritus move between these three 
ecosystems, with reef fish and crustaceans utilising the different ecosystems for food and 
protection from predators (Heck et al. 2008; Nagelkerken 2009; Gillis et al. 2014). Each of 
these ecosystems within the near-shore region influences their surrounding conditions in a way 
that benefits the other ecosystems (Gillis et al. 2014; Saunders et al. 2014). This strong 
connectivity is considered vital for the healthy functioning of the Caribbean bay ecosystems 
(Gillis et al. 2014; Saunders et al. 2014). 
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Fig. 2. Map showing the Caribbean sea and the numerous Caribbean islands bordering its eastern edge.  

Although human settlements in the Caribbean date back to the mid 6th millennium BC, the 
arrival of Christopher Columbus in 1492 ignited intensification of human settlements 
throughout the Caribbean. The Spanish, British, French, Dutch and Scandinavians settled 
throughout the Caribbean, establishing territories and further developing the land for 
plantations and the required ports. Nowadays, each island has a unique identity and many have 
formed their own governments, with varying levels of independence from the European 
colonisers. While agriculture still contributes partially to the Gross Domestic Product (GDP), 
tourism and fisheries have become dominant earners throughout the Caribbean, with tourists 
spending over 26 billion USD within the Caribbean region in 2015 (UNWTO 2016). 

Tourists flock to the Caribbean for the beautiful beaches and clear waters. Resorts, restaurants 
and bars have been built throughout the Caribbean to support tourism, however, often at the 
expense of the natural environment (Fig. 3). Infrastructure is built on the backshore of the 
beach, destroying dunes and preventing the natural movement of sand between the beach 
backshore and foreshore (Silva et al. 2014). Beaches are often groomed to make them more 
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appealing for tourists, however, this removes the wrack of seagrass and seaweed that washes 
ashore, and which provides an important food source and habitat for crustaceans and shorebirds 
(Hubbard et al. 2014). Sediment is also often removed from the system in the grooming process 
and can cause an alteration in the natural sediment grain size.  

The increasing numbers of visitors to the Caribbean region has intensified the pressures on the 
subtidal environment. Inadequate water treatment on land and also from boats leads to greater 
nutrient levels in the coastal ecosystems (Burkholder et al. 2007). Seagrass meadows can be 
trampled by people and physically disturbed by boat anchors, creating scars in the meadows 
(Eckrich & Holmquist, 2000; Whitfield, Kenworthy, Hammerstrom, & Fonseca, 2002; Fig. 3). 
Increasing fishing pressures alter the natural food web and lead to the spread of algae growing 
on the coral reefs (Hughes 1994). Physical damage to coral reefs causes long-term harm that 
takes many years to recover. All of these anthropogenic disturbances dramatically alter the 
natural functioning of the coastal ecosystems within the Caribbean (Orth et al. 2006; Saunders 
et al. 2014; Hughes et al. 2017a), risking the longevity of these unique and diverse habitats.  

 

Fig. 3. Anthropogenic pressures on Caribbean beaches greatly alter the ecosystem functioning of the natural beach 
ecosystem. The icons of the boats, seagrass, buildings and shore vegetation were obtained from IAN image library 
(Collier 2019; Saxby 2019). 
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Caribbean seagrass meadow communities 

Seagrass grow on sandy and muddy substrates, within the nearshore region of coastal zones. 
Although seagrasses are angiosperms and produce flowers, they predominately grow 
vegetatively, spreading both horizontally by their rhizomes and vertically through their shoots. 
This method of growing results in extensive and uniform meadows of seagrass. The rhizomes 
grow within the substrate and allow the plant to remain in place, even when exposed to 
hydrodynamic forces like tidal currents and waves. The shoots grow out of the seafloor, where 
the green leaves photosynthesise and form a dense canopy. With approximately 60 species 
worldwide growing throughout tropical and temperate regions (Short et al. 2007), there is a 
great diversity in morphologies and life-strategies. 

In the Caribbean, extensive seagrass meadows can be found throughout the shallow (< 10 m) 
bays and lagoons, as well as in deeper areas (> 50 m) where the waters are clear. Although 
there are up to 11 species of seagrasses in the Caribbean, the dominant species that are 
examined in this thesis are Thalassia testudinum and Syringodium filiforme (Fig. 4). S. filiforme 
is an early-successional species with the common name Manatee grass, named after being a 
favourable food source of manatee. It has long cylindrical leaves and a delicate and shallow 
rhizome structure that is able to colonise bare, sandy patches (Williams 1990). This initial 
colonisation helps to somewhat stabilise the sediment surface, making it more suitable for T. 
testudinum to grow upon. T. testudinum is a late successional, climax seagrass species and is 
commonly known as turtle grass. It is the most dominant seagrass throughout the Caribbean 
and creates extensive meadows with thick woody rhizome mats that grow up to 30 cm deep 
within the sandy sediment. The strap-like leaves of T. testudinum grow up to 80 cm in length 
and are commonly grazed upon by turtles. 

Growing near and amongst the seagrass meadows are calcifying macroalgae from the 
Halimedaceae family (Fig. 4). Halimeda incrassata and H. monile are green macroalgae, with 
strands of calcified segments that make up a thallus that grows to approximately 20 cm tall. 
The other dominant calcifying algae, Penicillus captiatus, has a heavily calcified stalk with a 
head made up of many calcified filaments (Fig. 4). The calcified thalli are thought to be a 
protection mechanism against grazers, although occasionally Parrotfish (Scaridae family) and 
urchins will graze upon the algae (Overholtzer and Motta 1999). Halimeda spp. can grow in 
high densities of up to 500 thalli m-2 with a thallus turnover rate of 73-89 days (van 
Tussenbroek and van Dijk 2007a). This high density and fast turnover make them a large 
producer of CaCO3 in tropical ecosystems, with the segments continually dropping off and 
contributing to the calcareous sediment within the surrounding area (Harney and Fletcher 2003; 
van Tussenbroek and van Dijk 2007b; Perry et al. 2016). 
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Fig. 4. Images of the dominant species studied in this thesis. Extensive meadows of T. testudinum dominate most 
of the shallow bays in the Caribbean and are interspersed with S. filiforme and calcifying algae from the 
Halimedaceae family, including H. incrassata, H. monile and P. capitatus. H. stipulacea is a newly introduced 
seagrass species. Cartoons of the seagrass species were obtained from IAN Image Library (Saxby 2019). 

In 2004, the seagrass species, Halophila stipulacea (Fig. 4), was reported in Grenada, 
Caribbean (Ruiz and Ballantine 2004). H. stipulacea originates from the Red Sea, but spread 
throughout Mediterranean after the opening of the Suez Canal (Lipkin 1975), and is thought to 
have been subsequently introduced into the Caribbean by pleasure yachts and/or commercial 
shipping (Ruiz and Ballantine 2004). H. stipulacea has been able to rapidly spread across the 
Caribbean, as it successfully grows from small fragments and can quickly colonise disturbed 
areas (Smulders et al. 2017). The short leaf morphology and its ability to grow in low light 
conditions distinguishes H. stipulacea from the native seagrass species (Willette et al. 2014). 
Dense monospecific stands of H. stipulacea are now found throughout the windward and 
leeward islands, with its distribution going as far east as Aruba (Willette et al. 2014). This 
recent introduction of a new seagrass species is significantly altering the appearance and 
ecosystem functioning of Caribbean bay ecosystems (van Tussenbroek et al. 2016; Olinger et 
al. 2017; Christianen et al. 2018). 
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Ecosystem services of seagrass meadow communities 

Seagrass meadows provide numerous ecosystem services that benefit the surrounding 
communities. As a dominant primary producer in the Caribbean beach system, they support a 
rich diversity of marine organisms. Turtles, manatees and urchins directly graze on the native 
seagrass species, while marine worms, snails, spiny lobsters, crabs, fish and bacteria utilise the 
seagrass detritus within the meadows (Knauer and Ayers 1977; Heck et al. 2008; Mascart et 
al. 2018). Seagrass detritus can also be exported offshore where it supports plankton and deep-
sea food webs (Heck et al. 2008) or onshore where degrading material is utilised as food and 
shelter by invertebrates and shorebirds (Kirkman and Kendrick 1997). However, seagrass serve 
as more than just a food source. The extensive meadows of seagrass are themselves a complex 
habitat that is occupied by numerous species, including microbes, algae, crustaceans, and reef 
fish (Nagelkerken and van der Velde 2003; Unsworth et al. 2019b). Many of the species that 
utilise seagrass meadows for food and habitat are important for both global and smaller-scale 
local fisheries (Unsworth et al. 2019b). Specifically, this thesis will focus on how seagrass 
meadows modify the surrounding chemical and physical environment, and how this 
provides important coastal protection and climate mitigation services to the surrounding 
communities.  

Through their metabolism, seagrass meadows alter the chemical properties of the surrounding 
water. By photosynthesising during the day, seagrass assimilate CO2 from the surrounding 
environment, while at night they respire and release CO2 (Fig. 5). This assimilation and release 
of CO2 throughout the diurnal cycle occurs at a faster rate than the diffusion of CO2 into 
seawater from the atmosphere, and thus creates a diurnal fluctuation of the carbonate chemistry 
of the seawater within the seagrass canopy (Hendriks et al. 2014; Fig. 5). These fluctuations 
have been observed in other communities of primary producers, such as coral reefs (Anthony 
et al. 2011; Price et al. 2012) and kelp forests (Hofmann et al. 2011; Cornwall et al. 2015).  

The removal of CO2 during the day can create a high pH environment within the seagrass 
meadows that is 0.1-0.2 units higher than the bulk seawater (Hendriks et al. 2014). These 
fluctuating pH conditions create a complex chemical environment within coastal vegetated 
regions, creating conditions that are distinct to that of the open ocean in which future seawater 
pH predictions are based upon (Caldeira and Wickett 2005; Stocker et al. 2013). Such 
fluctuations in the carbonate chemistry have also been hypothesised to provide an ecosystem 
service in the future, by buffering organisms from the projected low-pH seawater resulting 
from ocean acidification (Box 1; Hurd et al. 2011; Comeau et al. 2013; Hurd 2015). However, 
the spatial extent that such pH fluctuations are significant and the factors that influence the 
spatial extent and magnitude of these pH alterations has not been fully examined. 
Understanding the factors that determine pH fluctuations within vegetated ecosystems will 
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enable the complexity of the pH environment within the coastal region to be fully recognised, 
thereby allowing for better forecasts for the coastal pH in the future, as well as enabling the 
identification of regions that could act as high-pH refuges. 

 

Fig. 5. The photosynthesis and respiration of the seagrass meadows creates pH fluctuations within the canopy 
through the assimilation and release of CO2 respectively.  

The dense and extensive meadows created by seagrass can also alter the physical landscape in 
the near-shore region by creating a sheltered habitat with a stable sediment surface. The flexible 
leaves of the seagrass canopy move back and forth with the water motion, imposing drag forces 
and reducing the energy of waves as they propagate over the meadow (Fonseca and Cahalan 
1992; Bradley and Houser 2009). Within a dense seagrass canopy, flow speeds have been 
shown to be 70-90% slower than in adjacent unvegetated areas (Hansen and Reidenbach 2012). 
This reduction in flow near the seafloor reduces the bed shear stress, and thereby, creates a 
more stable sediment surface where sediment is less likely to become resuspended (Gacia and 
Duarte 2001; Potouroglou et al. 2017). Furthermore, the extensive root network of seagrass 
meadows has been shown to lower the erodibility of the seafloor and reduce the likelihood of 
erosion where seagrass meadows are present (Christianen et al. 2013). 
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The coastal protection services of seagrass have been acknowledged within the scientific 
literature for many years (Scoffin 1970; Gacia and Duarte 2001; Ondiviela et al. 2014). 
Nevertheless, Ondiviela et al. (2014) identified a knowledge gap in the characterisation of how 
seagrass species morphology influences sediment stabilisation and wave attenuation, 
especially in seagrass ecosystems outside of Europe. In addition, the resilience of seagrass 
coastal protection services to extreme forces and the longevity of these services are yet to be 
quantified.  

Nature-based solutions to address climate change: making use of seagrass 
ecosystem services 

There is a great need for natural self-sustaining strategies that will help mitigate the negative 
effects of climate change (Box 1), especially in regions where economic resources are limited 
(World Bank 2017). The pH modification, flow attenuation and sediment stabilisation services 
provided by seagrass meadows could become increasing valuable by providing important 
climate change mitigation services. Unfortunately, the worlds coastal ecosystems are becoming 
increasingly degraded (Hughes 1994; Defeo et al. 2009; Waycott et al. 2009). Since the 1990s, 
approximately 50% of the worlds seagrass populations have been lost (Costanza et al. 1997; 
Waycott et al. 2009; McLeod et al. 2011). This degradation of the coastal environment is 
expected to result in changing ecosystem dynamics and could lead to an alteration in the 
provision of vital ecosystem services that we are dependent on now, and which could help 
mitigate future negative climate change effects. Understanding the functioning of these 
ecosystems that provide vital services, such as seagrass meadows, and determining their 
resilience to climate change is urgently required to ensure that human communities continue 
to environmentally and economically benefit from their important ecosystem services.  
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Box 1. Climate change threatening coastal ecosystems  

Increasing anthropogenic emissions of greenhouse gases, such as carbon dioxide (CO2) and methane (CH4), in 
the atmosphere are causing global temperatures to rise. Fundamental environmental conditions, such as 
temperature and carbonate chemistry, are rapidly changing, leaving little time for organisms and ecosystems to 
adapt and evolve.  

According to the RCP8.5 ‘business as usual’ scenario in the IPCC report, global mean surface temperature is 
expected to rise by 2.6-4.8°C by the year 2100, with more optimistic models, where emissions are reduced, 
predicting a rise of around 1-2.2°C (Stocker et al. 2013). There is much uncertainty when predicting future oceanic 
temperatures, as oceanic currents and vertical mixing results in large variations between water bodies (Levitus 
2000; Barnett et al. 2001). However, ultimately a mean rise in global temperatures is significant because it triggers 
other events. Thermal expansion of the seawater and the introduction of water from continental ice and other 
continental water storage components (Cabanes et al. 2001; Stocker et al. 2013) is causing the sea level to rise. 
The rate of sea level rise varies across the globe, but in the Caribbean the median sea level is projected to rise by 
0.87 m by the year 2100 if temperatures increase by 5ºC (Jevrejeva et al. 2016). Such a rise in sea level 
significantly increases the depth in the near-shore region, and will result in an increase in the hydrodynamic forces 
imposed within coastal ecosystems and at the beach face.  

Rising ocean temperatures have also been correlated to more frequent marine heat waves of a longer duration 
(Oliver et al. 2018) and an increasing frequency of extreme tropical storm events (Timmerman et al. 1999; 
Webster et al. 2005; Saunders and Lea 2008; Smith et al. 2010). By the end of the century, it is predicted that all 
tropical coral reefs will experience extreme heat conditions that induce bleaching at least once a year, with the 
RCP 8.5 ‘business as usual’ scenario predicting this to occur by 2056 (van Hooidonk et al. 2013). While the 
frequency of category 4 and 5 hurricanes entering the Caribbean sea is projected to increase with the warming sea 
surface of the Atlantic Ocean (Webster et al. 2005; Saunders and Lea 2008). Extreme disturbance events, like 
cyclones and heat waves, have a disproportionate effect on the structure of natural communities (Loucks 1970; 
Turner 2010). Only those organisms that can withstand such extreme events will be able to continue to thrive, 
especially as the frequency of these extreme events increases.  

In addition to physical changes within the environment, the seawater chemistry of the ocean is changing with 
rising CO2 levels. CO2 is soluble in water and when it absorbs into the ocean it reacts with water molecules and 
causes a shift in the seawater carbonate system. The carbonate system describes the different inorganic carbon 
forms that are in seawater and which are in equilibrium with one another. There is CO2, carbonic acid (H2CO3), 
bicarbonate (HCO3-(aq)) and carbonate (CO32-(aq)). When CO2 dissolves into seawater, a series of reactions occur 
which create these inorganic carbon species along with hydrogen ions (H+). The production of H+ lowers the 
overall seawater pH, and therefore, the term ‘ocean acidification’ is commonly used to describe these modern-
day changes in the carbonate system. According to the RCP 8.5 ‘business as usual’ model, it is predicted that by 
the end of the century the mean global oceanic pH will drop by 0.30-0.32 units (Ciais et al. 2013; Stocker et al. 
2013). This drop in pH will result in approximately a 105% increase in [CO2], 10% increase in [HCO3-] and a 
42% reduction in [CO32-] (Gattuso et al. 2010). As photosynthesis requires CO2, the increase in the concentration 
of CO2 could be beneficial for many marine photoautotrophs, such as seagrasses (Short and Neckles 1999; Koch 
et al. 2013). The reduction in CO32- is alarming, however, as it causes a decrease in the saturation state of CaCO3, 

which is a critical compound required for shells and skeletons of calcifying marine organisms (Kuffner et al. 
2008; Andersson et al. 2009; Nelson 2009; Price et al. 2011).  
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Aim and structure of this thesis 

The ecosystem services provided by seagrass meadows are recognised as being important for 
supporting local communities and could be vital in mitigating climate change. However, there 
has been minimal research on the factors that determine the efficacy of the coastal protection 
and pH modification services provided by seagrass, and the influence that these ecosystem 
services have on shaping and maintaining the nearshore region. By understanding the 
controlling factors, we will be able to predict how the provision of these ecosystem services 
may change in the future and potentially find ways to maximise the ecosystem services to 
improve the tolerance of the worlds coastlines to negative climate change effects.  

To discover the future of the vital ecosystem services provided within shallow Caribbean bays 
this thesis investigates i) the ecosystem functioning within shallow Caribbean bays, ii) the 
ecosystem services that they provide to the surrounding environment, including human 
communities, and iii) the resilience of these ecosystem services to climate change.  

i) Chapter 2 & 3: Ecosystem functioning within shallow Caribbean bays 

Stabilisation of the sediment surface within the beach region and the modification of the local 
seawater pH by seagrass creates conditions that are vital for the healthy functioning of the 
tropical shallow bay ecosystem. These shallow bay ecosystems are currently under threat from 
human activities and global change, but yet we still lack an understanding of how biological 
and physical factors affect the efficacy of these biologically-driven processes, and therefore 
how the provision of these ecosystem services might be affected by global change. To address 
these research gaps, field monitoring and in situ experiments were employed to investigate the 
chemical and sediment dynamics within shallow Caribbean bays at sites with contrasting 
physical conditions.  

In Chapter 2, the pH dynamics within tropical seagrass-dominated bay ecosystems 
with contrasting physical settings are examined. It was hypothesised that stronger 
hydrodynamic forces would decrease the influence that the seagrass metabolism has on 
the seawater pH. To test this hypothesis, monitoring of the temporal and spatial pH 
variability at sites with contrasting hydrodynamic conditions was conducted over a 
three month period. An in situ experiment was subsequently done to disentangle the 
effects of water motion and seagrass coverage on the pH variability within the seagrass-
dominated bays. With this work, we highlight the high spatial variability of pH within 
seagrass ecosystems, which is driven by hydrodynamic forces counteracting the pH 
alteration by seagrass. This work is discussed in the context of pH refuges, and the 
potential of tropical seagrass meadows to effectively buffer vulnerable organisms from 
a future low pH ocean. 
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Chapter 3 investigates the sediment stabilisation capacity of different Caribbean 
seagrass species, and examines the effect of intensive megaherbivore grazing and an 
invasive seagrass species on sediment stability. It was hypothesised that a greater 
amount of above-ground biomass would positively influence sediment stabilisation 
capacity of the seagrass, with grazing reducing the ability of seagrass species to 
stabilise the sediment surface. A portable field flume was used to directly measure 
sediment stabilisation in situ, thereby capturing the natural dynamics of seagrass 
patches and their influence on the sediment dynamics. The results show how long-
leaved seagrasses protect the sediment surface the most effectively, with intensive 
grazing by megaherbivores and invasion by short-leaved species threatening the coastal 
protection services within seagrass-dominated bays of the Caribbean. 

ii) Chapter 4 & 5: Ecosystem services provided by shallow vegetated bays to the 
surrounding landscape 

The organisms inhabiting shallow tropical bays have been shown to provide important 
ecosystem services. Seagrass attenuate hydrodynamic forces and stabilise the sediment surface, 
while calcifying macroalgae contribute to the production of the calcareous sediment within the 
bays. There are plenty of reports of these biological processes as services on their own, 
however, how they function together and their influence on the surrounding bay landscape has 
not been investigated. With chapter 4 & 5 of this thesis we aim to realise the true value of the 
shallow bay ecosystem in this rapidly changing world, by further developing our understanding 
of the ecosystem functioning and the ecosystem services on the scale of the entire bay 
landscape.  

In chapter 4 the physical effect that seagrass meadows have on the surrounding landscape 
is investigated. A combination of sediment stabilisation field measurements, datasets of 
sediment production by calcifying macroalgae and long-term beach profiles of three 
beaches with varying levels of human-related disturbance are utilised. By integrating 
ecological process measurements with long-term monitoring of beaches, the effectiveness 
of seagrass meadows in maintaining a stable beach is revealed. This work details the 
potential of utilising seagrass meadows for maintaining tropical beaches sustainably. 

Chapter 5 utilises a variety of techniques to investigate the tolerance of tropical seagrass 
meadows to extreme storm events and their ability to continue providing important coastal 
protection services during such events. Community surveys from before and after a 
category 5 hurricane highlight the tolerance of the seagrass meadows to extreme storms, 
while biomechanical measurements are used to investigate the traits of seagrass meadow 
species that allow them to tolerate such extreme hydrodynamic forces. A one-dimensional 
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morphodynamic wave model is employed, which highlights the significant wave 
attenuation capabilities of a seagrass ecosystem, even under extreme storm conditions. 

iii) Chapter 6: Ecosystem services resilience to climate change-related effects 

There has been much research investigating how organisms and communities will respond to 
climate change, with many studies identifying the species most at risk. However, changing 
physical and chemical conditions could impact the provision of ecosystem services by 
organisms, even if the group of organisms, like seagrass, are considered to be resilient to the 
direct impacts of climate change. Understanding the resilience of vital ecosystem services to 
future changes in the environmental conditions, will allow us to better predict the impacts of 
climate change, and thereby, develop ways to combat the most negative effects. 

In chapter 6 the findings from the previous chapters are consolidated to examine the 
spatial coverage of seagrass ecosystem services and to predict how they might change 
in the future with sea level rise and degradation of coral reefs. Combining the data 
collected throughout this thesis with a bay-scale hydrodynamic model, we show how 
increasing hydrodynamic forces caused by sea level rise and ecosystem degradation 
will reduce the pH variability and coastal protection services provided by seagrass 
within tropical seagrass-dominated bays. Moreover, we highlight the paramount 
importance of fringing coral reefs for protecting tropical coastal regions from sea level 
rise and extreme hydrodynamic forces. A reduction in ecosystem services will 
exacerbate climate change effects along tropical coastlines. This work details the urgent 
need to protect and restore seagrass meadows and coral reefs so that we can continue 
to benefit from their vital ecosystem services in this rapidly changing world. 
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der Heide, SCENES team, Peter M. J. Herman, Tjeerd J. Bouma 

 

Abstract 

Global oceanic pH is lowering, which is causing great concern for the natural functioning of 
marine ecosystems. Current pH predictions are based on open ocean models; however, coastal 
zones are dynamic systems with seawater pH fluctuating temporally and spatially. To 
understand how coastal ecosystems will respond in the future, we first need to quantify the 
extent that local processes influence the pH of coastal zones. With this study, we show that 
over a single diurnal cycle, the total pH can fluctuate up to 0.2 units in a shallow seagrass-
dominated bay, driven by the photosynthesis and respiration of the vegetation. However, these 
biologically controlled pH fluctuations vary significantly over small distances. Monitoring 
conducted at neighbouring sites with contrasting hydrodynamic regimes highlights how water 
motion controls the extent that the local pH is altered by the metabolism of vegetation. The 
interactive effects of hydrodynamics and vegetation were further investigated with an in situ 
experiment, where the hydrodynamics were constrained and thus the local water residence time 
was increased, displaying the counteractive effect of hydrodynamics on the pH change caused 
by vegetation. With this research, we provide detailed in situ evidence of the spatial variation 
of pH within marine ecosystems, highlighting the need to include hydrodynamic conditions 
when assessing the pH-effects of vegetation, and identifying potential high-pH refuges in a 
future low pH ocean.  
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Introduction 

The substantial anthropogenic release of carbon dioxide (CO2) into the atmosphere is causing 
a decrease in oceanic pH and altering the concentration of inorganic carbon species in seawater, 
a process termed ocean acidification (Sarmiento and Gruber 2006; Stocker et al. 2013). The 
worst-case scenario shows that by 2100, the global mean pH will decline 0.42 units; from 8.1 
to 7.68 (RCP8.5 scenario, Pörtner et al. 2014), and under the best-case scenario, by 0.13 units 
to a mean global pH of 7.97 (RCP2.6 scenario, Pörtner et al. 2014). Ocean acidification 
represents a decrease in pH, an increase in dissolved CO2 and a decrease in the concentration 
of CO32-, at an unprecedented rapid rate (Hönisch et al. 2012). The decrease in CO32- reduces 
the aragonite saturation state of the ocean, which is predicted to have negative consequences 
for calcification in the ocean (Hönisch et al. 2012; Pörtner et al. 2014). Future pH predictions 
are based on the open ocean, where the pH remains relatively stable, with measurements off 
the continental shelf of California (U.S.) showing fluctuations of 0.02 units around a pH of 
8.07 over 1 month (Hofmann et al. 2011). However, the coastal environment is much more 
dynamic, different ecosystems and environmental conditions can cause the pH to vary both 
temporally and spatially; often at magnitudes exceeding the trends predicted by global ocean 
pH models (Middelboe and Hansen 2007; Anthony et al. 2011; Hofmann et al. 2011; Kleypas 
et al. 2011; Duarte et al. 2013; Hendriks et al. 2014; Rivest et al. 2017). If we are to predict 
accurately how the coastal environment will respond to future lowering of seawater pH, it is 
vital to quantify the main drivers causing pH variability within the near coastal zone and the 
extent that diurnal pH fluctuations differ spatially.  

Daytime photosynthesis and night-time respiration cause large diurnal pH fluctuations in 
coastal areas with dense and highly productive photosynthetic organisms, such as coral, 
seagrass, or algae (Anthony et al. 2011; Hofmann et al. 2011; Kleypas et al. 2011; Buapet et 
al. 2013; Hendriks et al. 2014; Rivest et al. 2017). The assimilation of carbon during 
photosynthesis and release through respiration can occur at faster rates than the diffusion rate 
of carbon from the atmosphere, causing a variable seawater pH (Axelsson 1988; Buapet et al. 
2013). Diverse diurnal pH fluctuations have been reported throughout the world in various 
coastal ecosystems, Rivest et al. (2017) observed pH fluctuations ranging from 7.84 at night 
up to 8.07 during the day on a relatively protected fringing coral reef in a lagoon within 
Moorea. Similar fluctuations have been observed in Mediterranean seagrass meadows, with 
pH ranging from 7.97 during the night versus 8.19 within the canopy during the day (Hendriks 
et al. 2014). While in temperate regions, Saderne et al. (2013) reported larger fluctuations of 
0.34 pH units in dense macrophyte communities in the Baltic Sea, and Koweek et al. (2018) 
reported a small fluctuation of 0.1–0.2 in an eelgrass community in California, U.S.A. The 
variability in these pH fluctuations can be explained by factors that affect the metabolic rates 
of organisms, such as temperature, light, seasonality, and nutrient availability (Axelsson 1988; 
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Saderne et al. 2013; Hurd et al. 2014). But also, physical factors, such as the carbonate 
chemistry of the source water, depth, water residence time, and tidal regimes, which limit the 
spatial extent and magnitude that biological activity alters the surrounding seawater (Horst and 
Edmunds 2010; Unsworth et al. 2012; Cornwall et al. 2015; Hendriks et al. 2015; Koweek et 
al. 2018). 

It has been suggested that the ability of photosynthesising organisms to increase the local pH 
during the day could become a valuable ecosystem service in a future lower-pH ocean 
(Anthony et al. 2011; van Hooidonk et al. 2013; Hurd 2015; Koweek et al. 2018). By providing 
high pH conditions during the day that are more favourable for calcification, the habitats may 
provide a pH refuge for vulnerable organisms. However, current data indicate that pH refuges 
will be limited to specific locations where the balance between the metabolic pH-alteration rate 
and local physical conditions enable a significant increase in the local pH (Hurd 2015; Koweek 
et al. 2018). If we hope to identify habitats that will act as effective pH refuges, there is a need 
for further field measurements that examine the temporal and spatial pH variability in the 
coastal zone and capture the multitude of factors that influence seawater pH. These studies are 
particularly vital for ecosystems closely associated with vulnerable calcifying organisms, such 
as tropical seagrass meadows, which are an important habitat for many calcifying invertebrates, 
e.g., conch, spiny lobsters, and sea urchins (Heck and Wetstone 1977; Rios-Lara et al. 2007). 
It is also important to note that the identification of potential pH refuge areas needs to consider 
whether the habitat will survive future ocean acidification, and not be replaced by a more 
simple and opportunistic habitat (Connell et al. 2018). 

The metabolic adjustment of seawater pH by vegetation is strongly dependent on the waters 
residence time around the photosynthesising individuals (Koweek et al. 2018). A region of 
reduced flow, termed as velocity boundary layer (VBL), forms along the seafloor and around 
all stationary objects within aquatic environments (Hurd 2000). The size of VBLs is strongly 
dependent on the flow velocity (Hurd 2000; Hurd et al. 2014), with faster, more turbulent flow 
resulting in thinner boundary layers. Because the flow within VBLs is only laminar, the 
movement of solutes within VBLs is limited to diffusive transport, causing diffusive boundary 
layers (DBLs) to form around organisms that uptake and release solutes for metabolic 
processes, such as photosynthesis and respiration (Hurd 2000). A concentration gradient forms 
across the DBLs, when organisms utilise solutes at a faster rate than the diffusive movement 
of the solutes across the boundary layer. DBLs can thus have a distinct seawater chemistry 
compared to that of the bulk water (Hurd 2000; Cornwall et al. 2014), which can give rise to 
variability of seawater pH within marine ecosystems.  

Greater water motion and waves increase the movement of solutes by advection in the bulk 
water, and reduce the size of boundary layers that form around aquatic organisms, with waves 
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breaking up the boundary layers and refreshing the solutes at the organisms surface (Hurd 
2000). In slow flow habitats, DBLs around organisms can become thick, and when vegetation 
is dense, the DBLs of multiple individuals can overlap. This often occurs in seagrass meadows 
and kelp forests, where dense canopies attenuate the flow, increasing the residence time of the 
water and creating boundary layers that encompass the entire canopy (Ackerman et al. 1993; 
Hurd 2000). Consequently, the thick DBLs in slow flow habitats are likely to result in large 
areas where seawater pH is influenced by the metabolising vegetation. This could provide more 
favourable pH conditions for vulnerable marine taxa in the future, as photosynthesis by 
vegetation during light periods results in the removal of CO2 from surrounding waters (Hurd 
2015; Koweek et al. 2018). However, the release of CO2 via respiration would result in these 
areas also experiencing low pH conditions during dark periods.  

The biogeochemical model developed by Koweek et al. (2018) highlights how the properties 
of the source water and the intensity of the water flow control the influence of the metabolic 
activity on the local pH, with low flow conditions enabling vegetation to alter the pH in 
neighbouring areas. Quantifying the extent that physical and biological forces drive changes 
in seawater pH within the natural environment is important for the accurate predictions of 
future pH conditions within dynamic coastal zones, and will allow for the identification of 
settings that may serve as high pH refuges. Furthermore, field studies evaluating the natural 
spatial and temporal variability within ecosystems can reveal the present day tolerance of 
species, enabling predictions of their resilience to future global change (Botero et al. 2015). 
We study this using a model system of shallow tropical vegetation consisting predominantly 
of seagrass interspersed with calcifying macroalgae, growing adjacent to a fringing coral reef.  

Shallow tropical seagrass meadows belong to the most productive ecosystems in the world 
(Duarte 1989), as the high light and temperature allow for consistently high photosynthetic 
rates, thereby giving potential for biotic processes to significantly impact the local seawater 
pH. To examine the spatial and temporal variability and quantify the extent that contrasting 
physical conditions influence the seawater pH in situ, we measured diurnal pH fluctuations 
concurrently with hydrodynamics along transects at three neighbouring seagrass meadows with 
varying hydrodynamic regimes: wave-exposed, wave-sheltered, and current-dominated 
(unidirectional flow) over a 3-month period. We further explored the interactive effect of 
vegetation and hydrodynamics on the diurnal pH fluctuation by in situ manipulations of the 
water residence time (constant refreshment vs. high residence time, the latter being 
approximately 30 minutes), and biomass (bare, sparse, and dense cover of seagrass vegetation 
interspersed by calcifying macroalgae). With this research, the dominant processes driving the 
dynamic pH within seagrass vegetated bays are quantified.  
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Fig. 1. Map of the three study sites with contrasting hydrodynamic regimes, on St Martin, Caribbean. The 
satellite images of the sites are marked with the positions where the pH and wave measurements were taken: 
vegetated (black circles), unvegetated (grey circles), and bay entrance (white circles).  

Methods 

Site description 

Monitoring of diurnal pH fluctuations, waves, temperature, and light was conducted within 
three sites along the eastern coast of St Martin, Caribbean from September 2015 to February 
2016 (Fig. 1). The eastern side of St Martin faces the Atlantic Ocean and is exposed to the 
Atlantic trade winds. A fringing coral reef extending along the eastern coast of St Martin 
protects the eastern bays from the largest waves coming from the Atlantic, and creates a 
relatively protected environment within shallow bays and lagoons (< 15 m depth). These 
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shallow bays and lagoons are characterised by calcareous sediment that is often occupied by 
extensive seagrass meadows of the climax seagrass species, Thalassia testudinum. Sites were 
selected according to their contrasting hydrodynamic regimes. The southern end of Orient Bay 
(18.0826, −63.0119), a wave-exposed site that directly faces east, with only the fringing coral 
reef protecting it from the largest waves. The north-eastern corner of Baie de L’Embouchure 
(18.0770, −63.0154), a wave-sheltered site that is situated behind a small peninsula that 
shelters it from the trade winds and the prevailing swell coming from the Atlantic. Islets de 
L’Embouchure (18.0669, −63.0119), a site where incoming waves are forced between two 
islets situated 120 m off the shoreline creating a strong unidirectional flow (currents) through 
the site. Tidal currents are typically very low in St Martin, with tidal amplitudes of 0.2–0.3 m, 
and there are no freshwater inputs nearby any of the sites. Salinity ranges from 34.5 to 35.8, 
while coastal water temperature ranges from 34ºC in the warmer months (July–September) to 
26ºC in the cooler months (December–February).  

To estimate vegetation cover within the three sites with varying hydrodynamic regimes, 90 m 
long transects were placed along the seagrass meadow at each site, extending from near the 
landward edge of the meadows out toward the bay entrance (following the wave direction). A 
0.3 × 0.3 m quadrat was placed at 60 random positions along the transects and percentage cover 
within the quadrat was estimated by eye. Photographs were also taken of each quadrat to 
validate the estimates using ImageJ (Schneider et al. 2012). Hydrodynamic forcing within each 
site was measured with self-logging pressure sensors (Wave gauge: OSSI-10-003C, Ocean 
Sensor Systems, Coral Springs, U.S.A.). Five wave gauges were placed along the transects 
used for the vegetation survey, in vegetated and unvegetated areas (as marked in Fig. 1), at 
each site. Measurements were conducted on six haphazardly chosen days from September 2015 
to December 2015 with typical average wind conditions. The gauges were placed at a height 
of 0.1 m above the sediment, and pressure samples were recorded at a rate of 5 Hz in 7 min 
bursts every 15 min. In total, 100–150 bursts were recorded at each gauge deployment location 
after which the pressure measurements were processed to obtain the significant wave height at 
each location. To characterise the unidirectional flow at Islets of L’Embouchure (the other two 
sites had currents below detection limit, i.e., < 0.1 m s-1), a mechanical flowmeter (Mechanical 
Flowmeter 2030R, General Oceanics, Miami, U.S.A.) was secured between two metal rods 0.1 
m above the bed. Triplicate measurements were conducted at six locations within the site, with 
each measurement lasting 1 min.  

Onset HOBO® pendant temp/light loggers (UA-002-64, Onset Computer Corporation, 
Bourne, U.S.A., temperature accuracy: 0.53ºC, temperature resolution: 0.14ºC at 25ºC; spectral 
detection range: 150–1200 nm) were deployed on 0.1 m2 plastic platforms at the sediment 
surface at the bay entrance (1.5 m depth), and within the main seagrass meadow (0.5–1.0 m 
depth) at each of the three sites. Temperature and light were logged every hour over the 3-
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month period that the pH measurements were conducted (October 2016, November 2016, 
January 2017). Light intensities, measured in lux, were converted to availability of 
photosynthetically active radiation (PAR) using the conversion from Valiela (1984): 1 μmol 
quanta (400–700 nm) m-2 s-1 = 51.2 lux.  

pH monitoring 

To measure the temporal and spatial pH variation within the three sites, pH measurements were 
manually conducted at multiple positions and at set time points within each site. Measurements 
were done twice a month for 3 months (October 2015, November 2015, January 2016) on the 
same day the wave measurements were made (haphazardly chosen). For a single diurnal cycle, 
the measurements were conducted every 3 h from 06:00 h (just before sunrise) to 21:00 h (3 h 
after sunset), with six diurnal cycles being measured in total at each site over the 3-month 
period. To measure spatial variability at each site, diurnal measurements were taken at five 
different positions along the transects: three positions within the seagrass meadow (vegetated, 
0.5–1 m depth), one in a neighbouring unvegetated area adjacent to the seagrass meadow 
(unvegetated, 1–1.5 m depth), and one at the bay entrance where no vegetation was present (1–
1.5 m depth; Fig. 1). The bay entrance position is considered to be representative of the source 
water entering the seagrass meadows, due to the prevailing easterly wind and swell from the 
Atlantic Ocean (Johns et al. 2002) ensuring that the seawater at this location has limited 
upstream influences except the fringing coral reef. To minimise disturbance of the sampling 
zone, the positions were carefully approached by snorkelling, and 60 mL water-tight 
polypropylene plastic sampling containers that had been rinsed with seawater nearby to the 
sampling position, were opened and closed 0.05 m above the seafloor. Duplicate measurements 
were taken at each position, and it was ensured that no headspace existed in the sampling 
containers.  

The pH was directly measured onshore < 15 min after first collection with a ROSS Ultra epoxy 
gel-filled pH/ATC electrode connected to an Orion Star A325 portable meter (Thermo Fisher 
Scientificä, Waltham, U.S.A.). The order that the samples were measured was randomised, to 
ensure that there was no bias from potential changes in the pH of the samples over the time 
between collection and measurement. No detectable change in the pH of the water samples 
over the measurement time was observed, with differences in duplicate measurements 
remaining < 0.01 units, below the detection limit of the pH meter. The pH meter was calibrated 
in the morning before the initial measurements for each diurnal cycle, and a built-in 
temperature sensor ensured that pH values were temperature-corrected. Because measurements 
were conducted in the field, the pH was measured at different temperatures throughout the day 
(see Appendix A1 for measuring temperature). Values of pH were corrected with TRIS buffer 
as described in Dickson et al. (2007), and total pH (pHT) is reported, with values being defined 
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as the concentration of hydrogen ion on the total hydrogen ion scale, thereby resolving the 
difference in ionic strength between NBS pH buffers and seawater.  

In situ experiment 

An in situ experiment investigating the effect of vegetation and water refreshment on the 
diurnal pH fluctuation was conducted at the unidirectional flow site. This site was chosen for 
the experiment location, as there was a large area of uniform depth and seagrass coverage, and 
a lack of pH difference between vegetated and unvegetated areas during the monitoring period 
indicated that water residence times were low. In March 2017, nine plots were marked out, 
measuring 0.3×0.3 m at a depth of 0.4 m. Plots were positioned > 2 m apart, to ensure there 
was no interaction between them. Each plot was randomly assigned one of three vegetation 
treatments: (1) bare, where all of the seagrass was cut below the sediment level but leaving 
rhizomes and roots still intact, (2) sparse vegetation, which had 50% of the seagrass removed, 
and (3) dense vegetation treatment, where the seagrass was left unaltered. For one full diurnal 
cycle, enclosures were set up around one plot of each of the vegetation treatments, which were 
randomly selected, while the remaining two plots of each vegetation treatment were left open. 
The enclosures consisted of a 0.3 × 0.3 m metal frame extending out of the water with 150 μm 
plastic around the frames to create an enclosure with a high residence time and a volume of 36 
L. The tops of the enclosures were left open above the water to allow for water-atmospheric 
gas-exchange (see Fig. 2a), and sand bags were placed around the base to prevent leakage (see 
Fig. 2b). pH was measured in each plot (with or without enclosure) every 3 h from sunrise 
(06:00 h) to sunset (18:00 h), following the same procedure as described in the pH monitoring, 
for 1.5 d. Following this period, the enclosures were moved to a new vegetation plot, until all 
of the nine plots were measured over a full diurnal cycle with and without the enclosures. A 
full diurnal cycle per plot was considered a single replicate, with measurements on the three 
replicate plots being done over three diurnal cycles.  

The water residence time within the enclosures was measured by injecting 1 mL of a 2.1 g L-1 

stock solution of Uranine dye into the centre of the enclosures, and logging the exponential 
decline in concentration over time with a Cyclops-7FTM Submersible Sensor connected to a 
DataBankä Handheld Datalogger (Turner Designs). The water residence time was measured 
twice in each enclosure, once just after the enclosure had been set up and again near the end of 
the diurnal cycle. The use of thin, flexible plastic allowed for water movement within the 
enclosures as passing waves from the outside cause the plastic around the enclosures to 
oscillate, ensuring the plots were well mixed and boundary layer formation was reduced. This 
was supported by the injection of Uranine dye into the enclosures, which took 5–10 s to 
disperse throughout the enclosure after first being injected, suggesting a well-mixed 
environment inside the enclosures. The water residence time outside of the enclosures was 
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below the detection limit, and the dye was instantly undetectable after injection into the water; 
therefore, the water outside of the enclosures was considered to be constantly refreshed with a 
low residence time.  

Statistics 

Values presented throughout the results and within the figures represent the mean the 95% 
confidence interval (CI). The difference in the above ground biomass and the significant wave 
heights recorded at each of the three water motion sites was tested with a one-way ANOVA. 
The range in pH (pHmax–pHmin) during a daily set of pH measurements from 06:00 h (before 
sunrise) to 21:00 h (3 h after sunset) for the long-term monitoring data, and 06:00 h (before 
sunrise) to 18:00 h (after sunset) for the in situ experimental data was used for statistical 
analyses. All statistical analyses were conducted in RStudio with R version 3.3.3. Normality 
and homoscedasticity of the data were tested, and passed these assumptions. A p value < 0.05 
was considered significant.  

A linear mixed effects model was produced with “lmerTest” package in R version 3.3.3, to test 
the differences in the observed pH ranges between the three sites with contrasting 
hydrodynamic regimes (sheltered, exposed, or unidirectional) and the three positions with each 
site (bay entrance, vegetated, or unvegetated). Site and position were considered fixed effects, 
with position being nested within the site, to test the variation both within and between the 
three sites. The date measurements made was included as a random effect. A linear regression 
was additionally used to quantify the effects of site, vegetation cover, and wave forcing (using 
the significant wave height at each measurement location) on the measured pH ranges. Both 
vegetation cover and wave forcing were considered nested within site. The in situ experiment 
was analysed with a linear mixed effects model, to test the fixed effects of water residence time 
and vegetation on the pH range measured, with measuring day included as a random effect. 
Normality and homoscedasticity of both data sets were tested and passed these assumptions.  

A backward elimination of the factors in all the models was conducted, and model selection 
was based on Akaike information criterion. Least squares means with 95% CIs and t-tests (with 
the corresponding t values, where df indicates the degrees of freedom) were calculated with 
the “lsmeans” package for both the monitoring and in situ experiment linear mixed effects 
models. For the monitoring data, contrasts were made between treatments from the same site 
or position to test for significant differences, and for the in situ experiment, contrasts were 
made for all of the interactions.  

The overall mean pH over a 24-h period was calculated for the pH monitoring data. As 
measurements were not conducted between 21:00 and 06:00 h (for safety reasons), a linear 
regression using pH values from 21:00 to 06:00 h was used to estimate the pH at midnight and 
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03:00 h. Here, the assumption is made that respiration occurred continuously and pH declined 
at a linear rate throughout the night, with seawater pH being at its lowest point just before-
sunrise (06:00 h). This assumption is supported by the continuous pH measurements from 
within a tropical seagrass meadow, reported by Cyronak et al. (2018). 

 

Fig. 2. Photos show the enclosures from above (a) where they were left open so air–sea gas exchange could occur, 
and how water residence times were increased by enclosing the plots with plastic lining weighed down with sand 
bags (b). 

Results 

Site description 

The three neighbouring study sites experienced similar temperature and light levels over the 
course of the monitoring period (Appendix A1). Temperature ranged from 30ºC to 32ºC at all 
sites at the beginning of the monitoring period in October 2015, and reduced to 26–28ºC by 
late January 2016. The light levels did not significantly differ between the sites, a mean daily 
PAR of 12.9 ± 0.7 mol d-1 (95% CI, n = 310) was recorded at the sheltered site, 12.5 ± 0.8 mol 
d-1 (n = 296) at the exposed site, and 13.6 ± 1.0 mol d-1 (n = 289) at the unidirectional site.  

Seagrass cover varied between the sites, with the sheltered site having the greatest benthic 
cover of seagrass with a mean of 89.0% ± 8.3% across the site (n = 60; Fig. 3a). Seagrass cover 
at the exposed site was more patchy than at the sheltered site, and when seagrass was present 
it was more sparse. A mean seagrass cover of 61.1% ± 7.4% (n = 60; Fig. 3b) was present at 
the exposed site. The unidirectional flow site also had a sparser cover of seagrass than the 
sheltered site, with a mean vegetated cover of 74.7% ± 7.4% (n = 60; Fig. 3c) across the site.  

The significant wave height at the bay entrance was comparable across the three sites, with the 
exposed and sheltered site experiencing a mean significant wave height of 0.25 ± 0.007 m (nshel. 
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= 116, nexp. = 119) and the unidirectional flow site experiencing a slightly lower significant 
wave height of 0.20 ± 0.008 m (nuni. = 94). At the sheltered site, the waves were attenuated as 
they travelled through the site, reducing to 0.13 ± 0.006 m (n = 116) at the unvegetated position 
(50 m from the bay entrance), and further reducing to <0.1 m in the vegetated positions, 60–
100 m from the bay entrance (Fig. 3a). Wave attenuation was much less at the wave-exposed 
site, with a mean significant wave height of 0.21 ± 0.009 m (n = 98) measured at the 
unvegetated position that was 60 m from the bay entrance, and 0.20 ± 0.008 m (n = 117) at the 
innermost vegetated position, 100 m from the bay entrance (Fig. 3b). Small uniform waves 
travelled through the unidirectional flow site, with significant wave heights ranging between a 
mean of 0.14 ± 0.007 (n = 113) at the unvegetated position and 0.12 ± 0.007 (n = 111) at the 
vegetated site 90 m downstream of the bay entrance position (Fig. 3c). In contrast to all other 
sites, the unidirectional flow site had a constant current velocity of around of 0.15 ± 0.05 m s-

1 (n = 18), while currents were negligible at the other sites.  

Spatial pH variability 

A distinct diurnal pH fluctuation was observed at all sites (Fig. 3d–f), with the lowest recorded 
pH being observed before sunrise and the highest pH being recorded at midday or the early 
afternoon. The magnitude in which seawater pH fluctuated throughout a diurnal cycle differed 
significantly according to the site and the position within the site (linear mixed effects model, 
F6,28 = 28.92, p < 0.001, Appendix A2). At all sites, the diurnal pH fluctuated the least within 
the bay entrance positions, where the largest mean significant wave heights were recorded and 
no vegetation was present (Fig. 3a–c). Although there were diurnal pH fluctuations with 
varying magnitudes within and between the sites, the daily mean pH was between 8.12 and 
8.14 (Fig. 3d–f) at all locations.  
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Fig. 3. The significant wave height (m; dark grey bars), vegetation cover (%; light grey area) and mean diurnal 
pH range (circles) along the transects at the sheltered (a), exposed (b) and unidirectional flow (c) sites. The pH 
was measured in vegetated (black circles), unvegetated (grey circles) and bay entrance (white circles) positions 
within each site. Time series data of wave, temperature, and light conditions during monitoring period can be 
observed in Appendix A1. Plots (d–f) show the mean seawater pHT (measured on the total pH scale) over a light 
cycle at vegetated (black circles and solid line), unvegetated (grey circles and long-dashed line), and bay entrance 
positions (white circles and dotted line) within the three sites. The horizontal grey lines show the overall daily 
mean pH for vegetated (solid line), unvegetated (long-dashed line), and bay entrance positions (dotted line). Points 
and bars represent means 95% CIs (npH = 3–6, nwaves = 94–119).  

The pH at the bay entrance of the sheltered site fluctuated by 0.16 ± 0.05 units (n = 5) 
throughout a diurnal cycle, ranging from 8.07 ± 0.04 (n=5) at sunrise to 8.20 ± 0.08 (n=3) by 
15:00 h, corresponding to a 25.9% change in the concentration of hydrogen ions ([H+]; Fig. 
3d). Vegetated positions within the sheltered site exhibited significantly greater fluctuations 
than the bay entrance (t = 10.08, df = 28, p < 0.001). In the vegetated position 60 m downstream 
from the bay entrance, the mean diurnal pH fluctuation was 0.27 ± 0.07 (n = 5) units, while at 
the landward edge of the meadow (100 m downstream from bay entrance), a mean diurnal pH 
fluctuation of 0.33 ± 0.06 (n = 5) was recorded (Fig. 3a). This diurnal fluctuation ranged from 
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a mean pH of 8.00 ± 0.02 (n=5) at sunrise (06:00h), up to a mean pH of 8.28 ± 0.08 (n = 3) by 
the afternoon (15:00 h; Fig. 3d), corresponding to a 47.5% decrease in [H+] over 9 h. The 
unvegetated position of the sheltered site exhibited a diurnal pH fluctuation of 0.25 ± 0.07 (n 
= 5), significantly less than the pH within the vegetated positions (t = 4.39, df = 28, p < 0.001), 
but significantly more than at the bay entrance (t = 5.69, df = 28, p < 0.001).  

The exposed site also exhibited a significant difference in the diurnal pH fluctuations between 
the bay entrance and the vegetated positions (t = 7.68, df = 28, p < 0.001), although this 
difference was slightly less than what was observed at the wave-sheltered site. A diurnal pH 
fluctuation of 0.12 ± 0.03 (n = 6) was recorded at the bay entrance of the exposed site, ranging 
from 8.07 ± 0.06 (n = 6) at sunrise to a maximum pH of 8.17 ± 0.06 (n = 6) at midday (12:00 
h; Fig. 3e). This diurnal pH fluctuation at the bay entrance corresponds to a 20.6% decrease in 
[H+] over 6 h. A significantly greater pH fluctuation of 0.22 ± 0.04 (n = 18) was observed 
within the three vegetated positions; 60–100 m downstream from the bay entrance (Fig. 3b). 
Within vegetated positions, the pH ranged from 8.04 ± 0.04 (n=6) at sunrise to 8.24 ± 0.06 
(n=6) at midday (12:00 h), a 36.9% decrease in [H+]. The pH at the unvegetated position of the 
exposed site did not significantly differ from the vegetated areas and bay entrance.  

The diurnal pH fluctuations observed at the unidirectional flow site varied the least between 
the positions compared to the exposed and sheltered sites. A mean pH of 8.09 ± 0.02 (n = 6; 
Fig. 3f) was observed at all positions at sunrise, with pH ranges of 0.11 ± 0.05 units (n = 6) 
observed at the bay entrance, and 0.16 ± 0.06 pH units (n = 6) within the vegetated position 55 
m downstream from the bay entrance (Fig. 3c). The change in magnitude of the diurnal pH 
fluctuation between the bay entrance and the vegetated areas was statistically significant (t = 
2.27, df = 28, p < 0.03), and corresponded to a 20.6 decrease in [H+] at the bay entrance and a 
22.4% decrease in [H+] at vegetated positions between sunrise and midday.  

Analysing the observed pH fluctuations within each site revealed that the magnitude of the 
fluctuations is positively correlated with vegetation cover (Fig. 4a), with wave forcing 
(measured as significant wave height) displaying a counteracting effect (Fig. 4b). The extent 
of the influence of vegetation cover and wave forcing did vary significantly at the three sites, 
reflecting their contrasting hydrodynamic regimes. The statistical interaction between wave 
forcing and vegetation cover was not significant and was dropped from the model. Vegetation 
cover is the strongest predictor for the observed pH range at the sheltered site, with the pH 
range increasing by 0.008 units for every 10% increase in vegetation cover (t = 2.00, df = 67, 
p = 0.049; Appendix A3). The seagrass meadow at the sheltered site is characterised by 
significant wave heights of < 0.12 m, with larger waves only occurring at the bay entrance 
(Fig. 3). Although there is a trend of wave forcing counteracting the pH adjustment by the 
vegetation (Fig. 4b), the uneven scatter of wave measurements results in this trend not being 
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significant. At the exposed site, the positive correlation between vegetation cover and pH range 
follows the same significant trend that is observed at the sheltered site (estimate = 0.0009, t = 
2.77, df = 67, p = 0.007; Fig. 4a). However, the larger waves that travel through the site (Fig. 
3) result in a significant counteracting effect of wave forcing on the magnitude of the pH range 
(t = −3.20, p = 0.002; Fig. 4b), and overall, cause pH ranges that are significantly less than at 
the sheltered site (Figs. 3, 4). Contrastingly, the unidirectional site is characterised by a strong 
current that runs through the entire site (0.15 ± 0.05 m s-1), which leads to this site having an 
overall lower ΔpH estimate within the regression model compared to the sheltered and exposed 
sites (Fig. 4; Appendix A3). Vegetation did not significantly affect the pH range at the 
unidirectional site, while the wave forcing further reduced the observed diurnal pH fluctuation 
(t = −2.18, df = 67, p = 0.03; Fig. 4b).  

 

Fig. 4. The relation of the diurnal pH range as observed within the three sites with contrasting hydrodynamic 
regimes, plotted against the significant predictors; percent vegetation cover (a) and significant wave height (b). 
Different colours of the points indicate the sheltered (white points and dashed line), exposed (grey points and 
dotted line), and unidirectional (black points and solid line) sites. Each point represents values from a single 
diurnal cycle, and the lines indicate the linear trend of the individual factors. The linear regression analysis for 
these trend lines can be found in Appendix A3.  
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In situ pH experiment 

The flow at the unidirectional site was considered to cause constant refreshment due to the 
strong current, while the water residence time within the enclosures averaged 30 ± 2 minutes 
(n = 18). Temperature varied from 25.4ºC in the morning up to 27.5ºC in the afternoon within 
the enclosures, and from 25.3ºC up to 27.0ºC in the plots without enclosures (Fig. 4a,b). The 
water residence time and vegetation density (bare, sparse, and dense) showed an interactive 
effect on the pH (Fig. 5; linear mixed effects model: F2,15 = 10.43, p = 0.002).  

When there was constant refreshment and the water residence time was low, the vegetation had 
no significant effect on the pH range, with pH increasing from an average of 8.05 ± 0.01 (n=9) 
at sunrise to a peak of 8.22 ± 0.01 (n=9) by 14:30 h in all three vegetation treatments (Fig. 5b), 
a 32.4% change in [H+]. Within the enclosed plots with high water residence times, however, 
the presence of dense vegetation significantly increased the magnitude of the range in pH when 
compared to bare plots (t = 5.915, df = 15, p < 0.001, Fig. 5a). Densely vegetated plots had on 
average a pH of 7.99 ± 0.02 (n = 3) at sunrise, and by the early afternoon (14:30 h) had reached 
a maximum pH of 8.24 ± 0.01 (n = 3), corresponding to a 43.8% change in [H+] throughout 
the day. Enclosed plots with sparse vegetation were not significantly different from plots with 
dense vegetation, and experienced a 41.1% change in [H+] throughout the day. The [H+] in 
bare enclosed plots changed by 36.9%, starting at a pH of 8.00 ± 0.02 (n = 3) at sunrise, and 
reaching an average pH of 8.20 ± 0.01 (n = 3) by the early afternoon, which was a significantly 
lower pH range than in the sparse and densely vegetated enclosure plots (Appendix A4).  

Enclosed plots with high water residence times (~ 30 min) experienced significantly greater 
diurnal fluctuations in pH compared with the corresponding open vegetation plots with 
constant refreshment (bare: t = 5.86, df = 15, p < 0.001; sparse: t = 10.29, df = 15, p < 0.001; 
dense: t = 12.15, df = 15, p < 0.001, Fig. 5c). Bare, enclosed plots with high water residence 
times had a lower pH throughout the entire course of the day than that of corresponding open 
bare plots with constant refreshment (Fig. 5c). While sparse and densely vegetated, restricted 
plots had significantly lower pH values in the early morning and late evening than the 
corresponding open plots with constant refreshment, however, by late morning through to later 
afternoon exhibited a higher pH (Fig. 5c).  
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Fig. 5. Diurnal seawater temperature and pHT (total pH scale) measurements from an in situ enclosure experiment 
with bare (white points), sparse (grey points), and dense vegetation (black points). Plots were either enclosed with 
high water residence times (30 min) (a) or were left open for constant refreshment (b). The difference between 
the pH of the open (low residence time) and enclosed (high residence time) treatments throughout the day can be 
seen in the ΔpH (c). Points and bars represent means ± 95% CIs (n = 3). 

Discussion 

This study displays the counteracting effect that hydrodynamic forcing has on the alteration of 
pH by biological metabolism, causing the pH within coastal ecosystems to vary remarkably 
over a spatial scale of meters. Small hydrodynamic forces (waves) and dense seagrass cover at 
the sheltered site meant that the metabolism by vegetation had a strong influence on the pH. 
Diurnal pH fluctuations at the sheltered site occurred at a similar magnitude to those observed 
where refreshment was restricted within densely vegetated plots during the field experiment. 
A similar spatial trend of the seawater pH was apparent at the wave-exposed site, at a smaller 
magnitude however, with the stronger hydrodynamic forces and sparser seagrass cover leading 
to a reduced influence of the seagrass metabolism on the local seawater pH. Even though the 
vegetation cover was consistently high at the unidirectional flow site, the fast current that 
flowed through the site strongly reduced the metabolic influence on the seawater pH by the 
vegetation. With this research, we illustrate the significant spatial and temporal variability of 
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pH within a tropical seagrass ecosystem. Furthermore, we provide direct evidence for the 
hydrodynamic setting driving spatial variability of seawater pH within vegetated coastal zones.  

pH fluctuations in vegetated ecosystems 

Photosynthesis and subsequent respiration at night by tropical seagrass meadows results in 
significant seawater pH fluctuations within the vegetated areas of bays and lagoons, due to the 
uptake and release of CO2. This metabolic adjustment of the local seawater pH at the sheltered 
and exposed sites was comparable to the 0.25 pH fluctuation observed within a tropical coral 
reef by Rivest and Gouhier (2015), and the 0.24 pH fluctuation observed in a Mediterranean 
seagrass meadow by Hendriks et al. (2014). The observed mean diurnal pH fluctuations within 
the inner seagrass meadow of the sheltered site resulted in a maximum daytime pH 0.18 units 
above the global mean seawater pH of 8.10. Whereas after a night of respiration, the mean pH 
in the meadow was 0.14 units lower than that of the oceanic pH. This pH fluctuation occurs 
regularly over a single day, but compared to global ocean models (Caldeira and Wickett 2005), 
is equivalent to pH predictions that span from preindustrial times to the mid-21st century (year 
~ 2050). Although the overall mean daily pH is not significantly affected, such large diurnal 
pH fluctuations emphasise the distinction between the dynamic coastal zone and the stable 
open ocean (Hofmann et al. 2011; Montalto et al. 2014). Recognising these fluctuating 
conditions within the coastal zone is highly important if we are to understand the physiological 
tolerance of coastal species and their ability to respond to changes in their environment (Botero 
et al. 2015; Boyd et al. 2016; Thomsen et al. 2017). This is particularly necessary for global 
change studies, where it has been shown that averaging temporal fluctuations and exposing 
organisms to static conditions compared with a naturally fluctuating regime can result in 
alternative physiological responses (Cornwall et al. 2013a; Montalto et al. 2014; Boyd et al. 
2016), possibly leading to biased conclusions.  

Adding to the complexity of temporally fluctuating pH within the coastal zone is the spatial 
heterogeneity of pH, varying both within and between sites. Monitoring of the pH at sites with 
contrasting hydrodynamic regimes displays how spatial variability of pH corresponds with the 
hydrodynamic setting. Strong advection processes at the unidirectional flow site limit the 
residence time of the water within the vegetated areas, thereby restricting the magnitude of the 
metabolically driven pH fluctuation from increasing as the water flows through this site, and 
resulting in a uniform pH environment across the site. This is in contrast to the exposed and 
sheltered sites, which have a strong hydrodynamic regime at the bay entrance, but which 
attenuates toward the shoreline, consequentially resulting in an increase in the magnitude of 
the pH fluctuations within the seagrass meadows. The effect of hydrodynamic forcing on the 
biological adjustment of seawater pH has been precisely measured in the laboratory (Hurd et 
al. 2011; Cornwall et al. 2013b, 2015); however, field measurements of this effect are limited 
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and often complicated by varying weather conditions (Cyronak et al. 2018), and factors causing 
variable metabolic rates, such as light and nutrient availability. With the in situ experiment in 
this study, we were able to provide direct evidence from the field, which showed that the spatial 
variability observed within these tropical seagrass meadows is driven by the refreshment rate 
counteracting the metabolic-adjustment of seawater pH by vegetation.  

There was evidence for the fringing coral reefs influencing the source seawater at the study 
sites, with a diurnal pH fluctuation of 0.11–0.16 existing at the bay entrances at all sites. 
Prevailing easterly swell and winds drive water from the Atlantic into the Eastern bays of St 
Martin (Johns et al. 2002), this water passes a fringing coral reef 50–100 m upstream from the 
bay entrance sampling positions. Coral reefs have been shown to influence the local pH through 
their own metabolism (Horst and Edmunds 2010; Kleypas et al. 2011; Jokiel et al. 2014), with 
reported diurnal fluctuations of 0.23–0.25 pH units (Hofmann et al. 2011; Rivest and Gouhier 
2015). Without direct measurements within the fringing coral reef, we are unable to calculate 
the degree to which this metabolically influenced seawater was diluted before reaching the bay 
entrance of the sites. However, this observed fluctuation of the pH at the bay entrance at all 
three sites provides evidence that plumes of metabolically influenced pH seawater can travel 
downstream from the site of original modification, altering the seawater chemistry of 
neighbouring communities (Koweek et al. 2018). The further doubling of the magnitude of the 
seawater pH fluctuation within the seagrass meadow highlights the strong effect that seagrass 
meadows alone have on the local seawater pH. The adjustment of pH by larger areas of 
upstream communities most likely explains why there was a pH fluctuation of 0.17 within all 
vegetation treatments with constant refreshment during the in situ experiment.  

Vegetated ecosystems as pH refuges 

By the end of the century, seawater pH is expected to reduce by a further 0.13–0.42 units 
(Pörtner et al. 2014), lowering the average oceanic pH from 8.1 (Hofmann et al. 2011) down 
to 7.97–7.70. This rapidly lowering pH creates unfavourable conditions for calcifying 
organisms (Ries et al. 2009; Koch et al. 2013), as [H+] increases and [CO32-] declines, causing 
a reduction in the aragonite saturation state of the seawater. The large pH fluctuations within 
the seagrass meadows did not affect the overall average seawater pH across a day cycle, but 
instead created a period of high pH conditions during the day which extended up to 0.18 units 
above the mean open ocean pH. The future reduction of pH by ocean acidification could be 
thus partially counteracted within sheltered vegetated bays during the day. The night-time 
respiration of the vegetation and associated organisms, however, will exacerbate the lowering 
pH, potentially limiting the effectiveness of pH refuges. Calcifying organisms that can tolerate 
low night-time pH, or mobile organisms that can move between habitats, could take advantage 
of the high pH conditions within sheltered vegetated sites.  
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The ability to regulate calcification depending upon external environmental factors has been 
shown in a number of species, and would allow those organisms to benefit from the transient 
pH conditions within pH refuges. Mytilid mussels, both adults and larvae, have been shown to 
adjust their rate of calcification depending upon whether pH conditions are favourable or not 
(Frieder et al. 2014; Wahl et al. 2018). Mussel larvae only required high pH conditions for a 
few hours to develop normally when grown in a high pCO2 treatment (Frieder et al. 2014). 
Additionally recruits of the stony coral Seriatopora caliendrum calcified more in naturally 
fluctuating conditions; compared to stable ambient or high pCO2 conditions (Dufault et al. 
2012). Alternatively, mobile organism may be able to utilise the spatial variability of coastal 
pH, moving to more favourable conditions as required. Many zooplankton and crustacean 
larvae have been shown to inhabit seagrass canopies during the day, but vertically migrate up 
the water column during the night (Robertson and Howard 1978). This daily migration is 
traditionally thought to be a strategy against predation, but could additionally allow the 
organisms to benefit from the high pH conditions during the day within the seagrass canopy, 
while escaping the low pH conditions at night.  

The ability to tolerate or escape unfavourable conditions for calcification does not extend to 
all marine species. Adult coralline macroalgae negatively responded to fluctuating low-pH 
conditions and the associated changes in carbonate chemistry (Cornwall et al. 2013a), and 
although this was reported to not impact the production of new coralline macroalgae recruits, 
further experiments on the new recruits showed that their growth was reduced in conditions 
with a fluctuating pH (Roleda et al. 2015). Low pH conditions may require additional energy 
expenditure by pH-sensitive marine organisms, as they are forced to more strongly regulate 
cellular pH to maintain the appropriate H+ gradients (Schulz and Riebesell 2013). Such a 
response was hypothesised by Agostini et al. (2013) to contribute to the low levels of ATP 
measured within corals at night. The lower pH conditions at night may therefore limit the 
suitability of sheltered vegetated habitats in acting as pH refuges for some organisms.  

Because diurnal pH fluctuations within vegetated environments are recurring, and therefore, 
predictable, it would be expected that the organisms inhabiting these environments would be 
acclimated to natural diurnal fluctuations (Botero et al. 2015). Whether this adaptation to 
fluctuating pH extends to being resistant to future pH changes is of high interest. Bivalve larvae 
from a pH-variable site were found to be less affected by high pCO2 conditions than those 
growing within a more-stable pH environment (Thomsen et al. 2017). While a 
multigenerational study displayed the ability of oyster larvae (Saccostrea glomerata) to 
acclimate or adapt to changing conditions over just one or two generations (Parker et al. 2013). 
It was found that oyster larvae spawned from adults that were grown in elevated pCO2 were 
more resilient to high pCO2 than those from adults grown under ambient pCO2. Contrastingly, 
(Noisette et al. 2013) collected temperate coralline algae from areas with different levels of pH 
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heterogeneity and subjected them to future pCO2 conditions. Their results showed no increased 
resilience of coralline algae individuals growing in heterogeneous conditions; however, 
confounding light factors as well as the use of adult individuals may have contributed to this 
result. Further experiments are required, utilising a variety of taxa, to determine whether 
species inhabiting areas with fluctuating pH conditions are more resilient to the global lowering 
of oceanic pH.  

The limited seasonal changes and relatively constant conditions in tropical environments 
results in uniform diurnal pH fluctuation within tropical seagrass meadows throughout the year 
(Hofmann et al. 2011; Hendriks et al. 2014), making them effective and reliable habitats at 
providing a high pH refuge during the day. Seagrass are well recognised for their flow 
attenuation capabilities (Fonseca and Cahalan 1992; Hansen and Reidenbach 2012), which can 
increase the water residence time within the seagrass canopy, and likely contributes to the large 
pH fluctuations observed within the meadows. When connected to coral reefs, seagrass 
meadows act as nursery habitats for reef fish, urchins, lobster, conch, and nursing sharks (Rios-
Lara et al. 2007; Nagelkerken 2009). The dense seagrass canopy provides shelter and a 
protected, low water motion environment for these vulnerable early-life stages (Gillis et al. 
2014). The importance of seagrass meadows as nurseries is likely to be made even greater by 
their ability to raise the surrounding pH and provide a high-pH refuge for vulnerable early-life 
stages of organisms in a future low pH ocean. In addition, photosynthetic rates of seagrass are 
expected to increase with higher concentrations of CO2 in the ocean (Zimmerman et al. 1997; 
Invers et al. 2001; Campbell and Fourqurean 2013), potentially leading to larger pH 
fluctuations within vegetated habitats and an increased metabolic effect on pH in areas with 
stronger hydrodynamic settings. Field studies have shown, however, that this increase in 
metabolism due to high CO2 is dependent upon the availability of nutrients and light, which 
could limit the extent that seagrass metabolism increases in the future (Apostolaki et al. 2014). 
Further investigations into how metabolically driven pH fluctuations in vegetated communities 
may change under different global change scenarios would be valuable.  

The pH within the coastal zone is both temporally and spatially dynamic, making it difficult to 
accurately predict future ocean acidification conditions. While the metabolism of vegetation 
alters the local pH, water motion is a primary factor controlling the pH levels that organisms 
encounter. In sheltered regions, the high-pH conditions during the day could potentially create 
high pH refuges that provide conditions favourable for calcification. However, the positive day 
effects are reversed at night, with respiration by the vegetation causing a lower pH than the 
surrounding bulk water. In regions with strong hydrodynamic forcing, the physical processes 
override biological influences on the pH, leading to much more stable pH conditions. If we are 
to conserve and promote ecosystems that create diverse pH conditions in the coastal zone, 
particularly those that provide high pH areas where calcification is promoted, we need to 
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increase our accuracy in predicting the spatial variation in coastal pH. Incorporating high-
resolution measurements of in situ conditions, such as hydrodynamic forcing and vegetation 
density, is a first step in increasing our ability to develop accurate pH prediction models of 
coastal areas.  
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Appendix A 
 

 

Appendix A1: Time series of the data collected during the monitoring period from October 
2015 – January 2016 at the sheltered (Baie de L’Embouchure), exposed (Orient Bay) and 
unidirectional (Islets de L’Embouchure) sites on St Martin, Caribbean. The daily pH range 
measured at each site from sunrise (6:00) to the evening (21:00), on six separate days is shown 
in (a). The average (± 95% confidence intervals) significant wave height at the bay entrance 
(black circles), unvegetated (white circles) and vegetated (grey circles) positions (b). Daily 
photosynthetic active radiation (PAR; mol m-2 day-1) (c) and temperature (°C)(d) at the bay 
entrance and within the main seagrass meadow (vegetated). Portions of the PAR and data are 
missing due to the measuring equipment being lost from the sites.  
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Appendix A2. Linear mixed effects model of the pH monitoring data, with position (vegetated 
unvegetated or bay entrance) nested within site (sheltered, exposed or unidirectional). Along 
with predicted least squares means and contrasts. 
 

 
  

Linear mixed effects model
pH range  =  site/position + (1|date)

Random effects:
Chi.sq Chi.DF elim.nump.value

date 27.72 1 kept 0

Fixed effects:
Sum Sq Mean Sq NumDF DenDF F.value elim.num Pr(>F)

site 0.011 0.0055 2 14 7.6842 kept 0.0056
site:pos 0.124 0.0206 6 28 28.92 kept <1e-07

Least squares means
Estimate Std. Error DF t-value Lower CI Upper CI

Sheltered 0.245 0.0227 14 10.78 0.196 0.293
Unidirectional 0.126 0.0207 14 6.09 0.0817 0.171
Exposed 0.162 0.0207 14 7.83 0.1178 0.207
Sheltered bay entrance 0.156 0.0247 19.3 6.32 0.1044 0.208
Unidirectional bay entrance 0.108 0.0225 19.3 4.81 0.0612 0.155
Exposed bay entrance 0.115 0.0225 19.3 5.1 0.0679 0.162
Sheltered unvegetated 0.252 0.0247 19.3 10.21 0.2004 0.304
Unidirectional unvegetated 0.127 0.0225 19.3 5.62 0.0795 0.174
Exposed unvegetated 0.138 0.0225 19.3 6.14 0.0912 0.185
Sheltered vegetated 0.326 0.0247 19.3 13.2 0.2744 0.378
Unidirectional vegetated 0.143 0.0225 19.3 6.36 0.0962 0.191
Exposed vegetated 0.233 0.0225 19.3 10.35 0.1862 0.281
---
Contrast of Least squares means

Estimate Std. Error DF t-value Lower CI Upper CI p-value
Bay entrances between sites
Shel bay entrance-Uni bay entrance 0 0.0334 19.3 1.43 -0.022 0.1176 0.17 *
Shel bay entrance-Exp bay entrance 0 0.0334 19.3 1.23 -0.029 0.1109 0.235
Uni  bay entrance-Exp bay entrance 0 0.0319 19.3 -0.21 -0.073 0.06 0.837

Unvegetated postions between sites
Shel unvegetated-Uni unvegetated 0.1 0.0334 19.3 3.75 0.0554 0.1952 0.001 **
Shel unvegetated-Exp unvegetated 0.1 0.0334 19.3 3.4 0.0438 0.1836 0.003 **
Uni unvegetated-Exp unvegetated 0 0.0319 19.3 -0.37 -0.078 0.055 0.718

Vegetated positions between sites
Shel vegetated-Uni vegetated 0.2 0.0334 19.3 5.46 0.1128 0.2526 <2e-16 **
Shel vegetated-Exp vegetated 0.1 0.0334 19.3 2.77 0.0228 0.1626 0.012 *
Uni vegetated-Exp vegetated -0.1 0.0319 19.3 -2.82 -0.157 -0.0234 0.011 *

Within sheltered site
Shel bay entrance-Shel unvegetated -0.1 0.0169 28 -5.69 -0.131 -0.0614 <2e-16 **
Shel bay entrance-Shel vegetated -0.2 0.0169 28 -10.1 -0.205 -0.1354 <2e-16 **
Shel unvegetated-Shel vegetated -0.1 0.0169 28 -4.39 -0.109 -0.0394 1.00E-04 **

Within unidirectional site
Uni  bay entrance-Uni unvegetated 0 0.0154 28 -1.19 -0.05 0.0132 0.244
Uni  bay entrance-Uni vegetated 0 0.0154 28 -2.27 -0.067 -0.0035 0.031 *

Suppl. Table 1: Linear mixed effects model of the pH monitoring data, with position (vegetated, 
unvegetated or bay entrance) nested within site (sheltered, exposed or uni-directional).  Along with 
predicted least squares means and contrasts.
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Appendix A3. Linear regression of seagrass cover and significant wave height nested within 
site (sheltered, exposed or unidirectional) as predictors for the pH range measured in the 
monitoring period.  
 

 
  

Linear regression
pH range  =  site + site(SG cover) + site(sig. wave height )

Residuals:
Min 1Q Median 3Q Max

-0.13144 -0.0332 -0.00016 0.038 0.12097

Coefficients:
Estimate Std. Error t-value Pr(>t)

Intercept (Sheltered site) 2.54E-01 4.86E-02 5.228 1.84E-06 ***
Uni-directional site -4.82E-02 6.54E-02 -0.737 0.46374
Exposed site 7.03E-02 7.91E-02 0.888 0.37745
Sheltered:Vegetation cover 8.03E-04 4.01E-04 2.002 0.04939 *
Uni-directional:Vegetation cover 5.14E-05 3.34E-04 0.154 0.87816
Exposed:Vegetation cover 8.68E-04 3.13E-04 2.773 0.00719 **
Sheltered:Sig. wave height -2.66E-01 2.36E-01 -1.129 0.2628
Uni-directional:Sig. wave height -4.80E-01 2.20E-01 -2.182 0.0326 *
Exposed:Sig. wave height -8.59E-01 2.68E-01 -3.199 0.00211 **

Multiple R-squared:  0.6417,

Suppl. Table 2: Linear regression of seagrass cover and significant wave height nested within site 
(sheltered, exposed or uni-directional) as predictors for the pH range measured in the monitoring 
period.

Residual standard error: 0.05315 on 67 degrees of freedom
Adjusted R-squared:  0.5989 

F-statistic:    15 on 8 and 67 DF,  p-value: 2.421e-12
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Appendix A4: Linear mixed effects model of the in situ pH experiment with the enclosures. 
A full-factorial design where water residence times were either low (open plots) or high 
(enclosed plots with 6 hour water residence time), and vegetation treatments were bare, sparse 
or dense. Along with corresponding least squares means and contrasts.  

 

 
 

Linear mixed model fit by REML. t-tests use Satterthwaite's method ['lmerModLmerTest']
Formula: rangepH = refreshment + vegetation + refreshment*vegetation + (1|measuring day)

AIC BIC logLik deviance df.resid
-89.9 -82.8 53 -105.9 10

Scaled residuals: 
Min 1Q Median 3Q Max

-1.9214 -0.463 0.1151 0.4886 1.894

Random effects:
Groups Name Variance Std.Dev.
Measuring day (Intercept) 9.72E-05 0.009861
Residual 1.22E-04 0.011029
Number of obs: 18, groups:  rep, 3

Fixed effects:
Estimate Std. Error df t value Pr(>|t|)

(Intercept) 2.26E-01 8.54E-03 9.06E+00 26.43 6.92E-10 ***
Ref-Open -5.28E-02 9.01E-03 1.50E+01 -5.861 3.13E-05 ***
Dense 5.33E-02 9.01E-03 1.50E+01 5.915 2.84E-05 ***
Sparse 3.98E-02 9.01E-03 1.50E+01 4.425 4.92E-04 ***
Open:Dense -5.66E-02 1.27E-02 1.50E+01 -4.445 0.00047 ***
Open:Sparse -3.99E-02 1.27E-02 1.50E+01 -3.132 6.86E-03 **
---
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Type III Analysis of Variance Table with Satterthwaite's method
Sum Sq Mean Sq NumDF DenDF F-Value Pr(>F)

Refreshment 0.03247 0.03247 1 15 266.938 5.78E-11
Vegetation 0.00209 0.00105 2 15 8.5915 0.00326
Refreshment*Vegetation 0.00254 0.00127 2 15 10.4291 0.00145

Least squares means
Refreshment Vegetation Estimate Std. Error DF Lower CI Upper CI
closed bare 0.2258 0.0085 9.06 0.20645 0.24505
open bare 0.1730 0.0085 9.06 0.15367 0.19227
closed dense 0.2790 0.0085 9.06 0.25972 0.29832
open dense 0.1696 0.0085 9.06 0.15033 0.18893
closed sparse 0.2656 0.0085 9.06 0.24629 0.2849
open sparse 0.1729 0.0085 9.06 0.15363 0.19223

Contrast of Least squares means
Contrast Estimate Std. Error DF t-value p-value
open,bare-closed,dense -1.06E-01 0.00901 15 -11.78 <.0001 ***
open,dense-closed,sparse -9.60E-02 0.00901 15 -10.66 <.0001 ***
open,bare-closed,sparse -9.26E-02 0.00901 15 -10.29 <.0001 ***
closed,bare-closed,dense -5.33E-02 0.00901 15 -5.915 0.0003 **
closed,bare-closed,sparse -3.98E-02 0.00901 15 -4.425 0.0053 **
open,dense-open,sparse -3.30E-03 0.00901 15 -0.366 0.9989
open,bare-open,sparse 3.68E-05 0.00901 15 0.004 1
open,bare-open,dense 3.34E-03 0.00901 15 0.371 0.9989
closed,dense-closed,sparse 1.34E-02 0.00901 15 1.491 0.6749
closed,bare-open,bare 5.28E-02 0.00901 15 5.861 0.0004 **
closed,bare-open,sparse 5.28E-02 0.00901 15 5.865 0.0004 **
closed,bare-open,dense 5.61E-02 0.00901 15 6.232 0.0002 **

Suppl. Table 3: Linear mixed effects model of the in situ pH experiment with the enclosures. A 
full-factorial design where water residence times were either low (open plots) or high (enclosed 
plots with 6 hour water residence time), and vegetation treatments were bare, sparse or dense. 
Along with corresponding least squares means and contrasts.

closed,sparse-open,sparse 9.27E-02 0.00901 15 10.29 <.0001 ***
closed,dense-open,sparse 1.06E-01 0.00901 15 11.78 <.0001 ***
closed,dense-open,dense 1.09E-01 0.00901 15 12.15 <.0001 ***
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Abstract 

Seagrasses provide an important ecosystem service by creating a stable erosion-resistant 
seabed that contributes to effective coastal protection. Variable morphologies and life-history 
strategies, however, are likely to impact the sediment stabilisation capacity of different 
seagrass species. We question how opportunistic invasive species and increasing grazing by 
megaherbivores may alter sediment stabilisation services provided by established seagrass 
meadows, using the Caribbean as a case study. Utilising two portable field-flumes that simulate 
unidirectional and oscillatory flow regimes, we compared the sediment stabilisation capacity 
of natural seagrass meadows in situ under current- and wave-dominated regimes. Monospecific 
patches of a native (Thalassia testudinum) and an invasive (Halophila stipulacea) seagrass 
species were compared, along with the effect of three levels of megaherbivore grazing on T. 
testudinum: ungrazed, lightly grazed and intensively grazed. For both hydrodynamic regimes, 
the long-leaved, dense meadows of the climax species, T. testudinum provided the highest 
stabilisation. However, the loss of above-ground biomass by intensive grazing reduced the 
capacity of the native seagrass to stabilise the surface sediment. Caribbean seagrass meadows 
are presently threatened by the rapid spread of the invasive opportunistic seagrass, H. 
stipulacea. The dense meadows of H. stipulacea were found to accumulate fine sediment, and 
thereby, appear to be effective in reducing bottom shear stress during calm periods. This fine 
sediment within the invasive meadows, however, is easily resuspended by hydrodynamic 
forces, and the low below-ground biomass of H. stipulacea make it susceptible to uprooting 
during storm events, potentially leaving large regions vulnerable to erosion. Overall, this 
present study highlights that intensive megaherbivore grazing and opportunistic invasive 
species threaten the coastal protection services provided by mildly grazed native species. 
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Introduction 

Seagrass meadows are well-known for the vital ecosystem services that they provide in coastal 
environments. As primary producers, they make up the base of the food web, being utilised as 
a primary food source by reef fish, urchins and turtles (Duarte 1989; Nagelkerken 2009), while 
also providing structural complexity that can be used as habitat (Orth et al. 2006; Gillis et al. 
2014). In addition, seagrass meadows provide coastal protection services (Christianen et al. 
2013; Ondiviela et al. 2014; Paul 2018; James et al. 2019b), by attenuating waves (Fonseca 
and Fisher 1986; Hansen and Reidenbach 2012; Lei and Nepf 2019), by reducing tidal currents 
(Gambi et al. 1990; Widdows et al. 2008) and by protecting the seabed from erosion (Koch 
and Gust 1999; Gacia and Duarte 2001; Potouroglou et al. 2017). This protective effect can be 
so large that seagrass may even prevent the need of sand-nourishments to preserve beaches 
(James et al. 2019b). 

The flexible leaves of seagrass sway back and forth as waves propagate over them, with the 
drag forces exerted on the seagrass leaves causing a reduction in wave energy (Fonseca and 
Cahalan 1992; Bouma et al. 2005; Bradley and Houser 2009; Lei and Nepf 2019). This process 
can result in a 20% reduction in wave height in shallow water (Hansen and Reidenbach 2012). 
Within the seagrass canopy itself, flows can be 70%–90% lower than that of adjacent 
unvegetated areas (Gambi et al. 1990; Koch and Gust 1999; Koch et al. 2006; Hansen and 
Reidenbach 2012). The direct influence that seagrasses have on reducing the water flow within 
and around their meadows, provides a coastal protection service by preventing sediment 
resuspension (Gacia and Duarte 2001), and thus mitigating erosion (Potouroglou et al. 2017; 
Paul 2018; James et al. 2019b). The ability of seagrasses to provide coastal protection services 
is expected to be largely dependent on both the species-specific and the grazer-affected 
morphology of the seagrass. With over 60–70 seagrass species worldwide, there is a large 
diversity of morphologies (strap-, paddle-, feather-like) and life-history strategies (Kilminster 
et al. 2015). This morphological diversity is likely to result in varying levels of coastal 
protection provided by seagrasses (Fonseca 1989; Mellors et al. 2002). 

Declining seagrass area in combination with a reduction of apex predators, has led 
megaherbivores (e.g. green turtles Chelonia mydas) to intensively grazed zones of seagrass in 
some tropical regions (Christianen et al. 2014). Intensive grazing changes the seagrass 
morphology, and thus may affect the coastal protection services of seagrass meadows. Indeed, 
Christianen et al. (2013) showed that the coastal protection services of short, intensively grazed 
canopies of Halodule univervis were reduced compared to ungrazed seagrass; however, the 
roots and rhizomes continued to provide some sediment stabilisation by reducing the 
erodibility of the seabed. A general understanding of the role of seagrass morphology, 
including the effect of species-specific differences and grazing induced biomass changes, on 
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the sediment-stabilising services provided by seagrass meadows remains lacking. Such 
knowledge is, however, critical given that species-oriented nature conservation strategies may 
cause increasing megaherbivore grazing pressure (Christianen et al. 2014), and biological 
invasions cause shifts in the species structure of marine communities to more opportunistic (r-
selected) species (Williams 2007; Olinger et al. 2017). 

Invasive species are threatening the diversity and natural functioning of seagrass ecosystems 
in many regions of the world, with approximately 56 non-native species being introduced 
within seagrass meadows before 2007 (Williams 2007). One of the most dominant invasive 
seagrass species is Halophila stipulacea, which originates from the Red Sea, but invaded the 
Mediterranean (Lipkin 1975) and then subsequently the Caribbean region (Ruiz and Ballantine 
2004). H. stipulacea is an opportunistic seagrass (Erftemeijer and Shuail 2012; Kilminster et 
al. 2015) that can quickly colonise disturbed areas (Smulders et al. 2017). It has spread rapidly 
throughout the Caribbean (Willette et al. 2014) where it forms dense monospecific stands and 
competes with native species like Thalassia testudinum and Syringodium filiforme. This 
invasive species not only threatens the biodiversity of coastal ecosystems (Olinger et al. 2017), 
but is rarely grazed upon by turtles, thus its spread is likely to have large consequences for 
ecosystem functioning (Christianen et al. 2018). Furthermore, due to its short canopy and 
shallow root system, the replacement of native seagrass species by H. stipulacea may impact 
the coastal protection services provided by seagrass in tropical bays, however, this remains to 
be tested. 

Understanding the ability of different types of marine vegetation in providing coastal 
protection services is vital at this time when erosion is being exacerbated by increasing coastal 
infrastructure, sea-level rise and increasing storm intensity (McGranahan et al. 2007; Saunders 
and Lea 2008; Church et al. 2013; Jevrejeva et al. 2016). Hence, we test how (a) intensifying 
megaherbivore grazing pressure and (b) species shifts (due to invasions) alter the extent to 
which seagrass meadows provide erosion protection. To address this question, we directly 
measured the sediment stabilisation capacity of contrasting seagrass patches in situ by 
deploying two portable field flumes that mimicked unidirectional- and oscillatory-flow (Fig. 
1). We compared three levels of megaherbivore grazing (ungrazed, lightly grazed and 
intensively grazed) on the native climax seagrass, T. testudinum, in addition to the invasive 
opportunistic seagrass H. stipulacea, and a bare unvegetated patch. As the flume measurements 
were conducted in situ, the sediment dynamics of the naturally formed system could be 
measured, and an absolute measure of the sediment stability in the field is obtained. The 
seagrass patch characteristics of vegetation density, canopy bendability and biomass allocation 
were measured to further describe the sediment stabilisation ability of the different species. It 
was hypothesised that patches of the long-leaved ungrazed native turtle grass T. testudinum, 
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will provide more effective erosion protection than patches of short-leaved species, like the 
invasive H. stipulacea and intensively grazed seagrasses. 

 

Fig. 1. The TiDyFLOW flume(a) consists of a motor unit with two propellers that generate a unidirectional flow 
through the clear Perspex tunnel that is embedded into the sediment. The speed of the propellers is regulated to 
control the flow speed, with an ADV positioned in the centre of the tunnel, which records the flow velocity. 
Sediment movement is monitored beneath the ADV to determine the threshold flow velocity at which the 
sediment begins to move. The TiDyWAVE flume (b) mimics the oscillatory flow created by an unbreaking wave. 
Wooden wave paddles on either end of the flume move back and forth by the pneumatic cylinder observed on the 
top of the flume. The speed of the movement is controlled by regulating the airflow into the pneumatic cylinder. 
The time at which the boards moved back and forth in one cycle was calculated to be the oscillatory velocity. 
Clear Perspex surrounds the base of the flume allowing for the sediment movement within the flume to be 
observed. 

Methods 

Site description 

This study was conducted within Lac Bay, Bonaire, Caribbean Netherlands (12.108177, -
68.226289). Lac Bay is a shallow lagoon (< 6 m deep) located at the windward eastern coast 
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of Bonaire (Fig. 2). Extensive seagrass meadows composed of the native seagrass species T. 
testudinum have historically dominated the bay. However, more recently the invasive seagrass 
H. stipulacea has expanded rapidly throughout the deeper parts of the bay since its first sighting 
in 2010 (Willette et al. 2014; Debrot et al. 2019) and is starting to encroach on the shallower 
parts (Smulders et al. 2017). Lac Bay is a Ramsar Site (wetland designated to be of 
international importance) and has an extensive mangrove forest bordering the landward side 
of the lagoon. A large turtle population has developed, which intensively grazes upon the native 
seagrass, creating areas of ungrazed, lightly and intensively grazed seagrass patches 
(Christianen et al. 2018). Calcifying macroalgae from the Halimedaceae family are 
interspersed amongst the seagrass and are an important contributor to the calcareous sediment 
within the bay, along with the fringing coral reef. A fringing coral reef on the eastern side 
protects the bay creating a sheltered lagoon, with a tidal range of < 0.3 m. Rainfall is low (< 
560 mm year-1) and storms are infrequent within the Bonaire region, with only six tropical 
storms and hurricanes occurring between 1944 and 2010 (van Dijken 2011). 

 

Fig. 2. Map of the two study areas within Lac Bay, Bonaire (white circles), with the approximate distribution of 
the ungrazed (yellow) and grazed native seagrass, and the area dominated by invasive Halophila stipulacea (pink) 
within Lac Bay (distribution obtained from Christianen et al. 2018). The majority of the measurements were 
conducted in study area one, with the invasive H. stipulacea being measured in study area two along with an 
additional three replicates of grazed Thalassia testudinum. Photographs above show the four different seagrass 
patch types that were measured. 
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Sediment stabilisation ability of contrasting seagrass patch types 

The sediment stabilisation ability, measured as the critical erosion threshold, of the calcareous 
sediment within different subtidal seagrass patch types was measured in situ with two portable 
field-flumes developed at the Royal Netherlands Institute for Sea Research (NIOZ): 
TiDyFLOW is a unidirectional flow flume and TiDyWAVE is an oscillatory flow flume that 
mimics waves. The field flumes were placed within Lac Bay, Bonaire, over the five most 
dominant patch types (see photos Fig. 2): bare (no vegetation), intensively grazed T. testudinum 
(canopy < 50 mm), lightly grazed T. testudinum, ungrazed T. testudinum (canopy > 180 mm 
height) and patches of the invasive H. stipulacea, which is rarely grazed by megaherbivores 
(Christianen et al. 2018). Three to four replicate patches of each seagrass type were measured; 
each time moving the flumes to a new undisturbed position and conducting duplicate flume 
runs on each position. All but H. stipulacea were available in the first study area, which ranged 
between 1 and 1.3 m depth (Fig. 2). Because H. stipulacea has a heterogeneous distribution 
within the bay, it had to be measured further away within a second study area, which was 
slightly deeper at 1.5–2 m depth (Fig. 2). To test if there was an ‘area’ difference, a 
neighbouring intensively grazed T. testudinum patch was also measured in the second study 
area. Due to logistical limitations, only the oscillatory flume could be used in the second area. 

The TiDyFLOW flume (Fig. 1a) uses two motor-driven propellers to generate unidirectional 
flow up to speeds of 1.0 m s-1 through a 1-metre-long clear Perspex tunnel (James et al. 2019b). 
The flow velocity within the field flume was continuously measured with an ADV (Nortek 
AS© Vectrino Field Probe) that was suspended 0.25 m above the seagrass canopy within the 
flume tunnel. Divers closely observed the sediment surface within the flume tunnel, and the 
critical erosion threshold was the velocity at which sediment grains situated beneath the ADV 
began to move along the bed surface. As bed-load transport depends on flow velocity to the 
power of 3, the difference in flow velocity between stochastic movement of some grains and 
continuous movement of many grains remains small. Therefore, human observations are 
sufficiently precise to determine critical erosion thresholds. Two divers con- ducted the 
sediment observations and training was conducted before the measurements to ensure the 
observations were standardised. 

The TiDyWAVE oscillatory channel flume (Fig. 1b) was controlled by a pneumatic cylinder 
that pushed two wooden boards (wave paddles) at either end of the flume back and forth in a 
synchronised motion. Although the physics are not exactly the same, the movement of the two 
wave paddles generates an oscillating flow at the sediment surface that mimics the oscillatory 
flow at the seabed when a wave passes over. The speed of the movement of the wave paddles 
was controlled by regulating the airflow into the cylinder. The velocity of the wave paddles 
was used as a measure for the root mean square (rms) oscillatory flow velocity, with the period 
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at which the boards moved between the outermost positions being timed to give the rms 
oscillatory velocity in m s-1. The sediment surface was closely observed by divers, and the 
critical erosion threshold under oscillatory flow conditions was considered to be the speed at 
which the sediment grains in the centre of the flume began to move. 

Smaller sediment particles will move easier and at lower bottom shear stress values than larger 
particles (Shields 1936), therefore, the sediment grain size distribution within each patch type 
was assessed to account for sediment variations between patch types. To help with the 
comparison between the two study areas (Fig. 2), the sediment grain size distribution was also 
measured within a bare patch in study area 2. Sediment samples of the surface sediment were 
collected in 50 ml sampling containers from each measured position directly after the flume 
measurements. The sediment samples were freeze-dried and sieved through a 1-mm sieve, 
sediment larger than 1 mm was weighed, while the remaining sediment grain size distribution 
was measured by laser diffraction on a Malvern Mastersizer 2000 (McCave et al. 1986). 

Seagrass meadow characteristics: Vegetation density, leaf bendability and biomass allocation 

At each flume measurement position, the canopy height was measured, and photos were taken 
within a 0.25 m × 0.25 m quadrat to estimate seagrass cover. These measurements were utilised 
to estimate seagrass volume (m3), with the per cent benthic cover of the seagrass multiplied by 
the canopy height. Seagrass volume was considered a comparable measure of the vegetation 
density across the different vegetation patches given the contrasting morphologies. 

A seagrass trait that promotes the stabilisation of sediment is leaf bendability, with the leaves 
of seagrass bending over the sediment surface and deflecting the flow away from the sediment 
surface (Gambi et al. 1990). Thus, bending protects the sediment surface from erosion (Peralta 
et al. 2008) while at the same time reducing the drag experienced by the seagrass leaves 
(Bouma et al. 2005). Individual shoots of the seagrass T. testudinum (grazed and ungrazed) 
and H. stipulacea were collected with their roots attached from Lac Bay (< 1.3 m deep) and 
transported to the Netherlands wrapped in moist paper towels (total travel time was 20 hr). The 
seagrass shoots were placed in a heated seawater holding tank set to 25°C and bubbled 
continuously with air. Lights were set to a 12:12 hr light:dark cycle and the seagrasses were 
left for 24 h as pre-treatment before measurements. The bendability of ungrazed T. testudinum, 
grazed T. testudinum and H. stipulacea was measured within a week of collection. The roots 
of the seagrass shoots were removed directly before the measurements were conducted. The 
seagrass shoots (without roots) were placed within a racetrack flume at NIOZ (Yerseke, The 
Netherlands), which produces a controlled unidirectional flow. Seagrass shoots were attached 
with a 3-mm wide cable tie to a small platform so they stood upright. One shoot at a time was 
placed within the centre of the flume with the broadest part of the leaf positioned adjacent to 
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the flow, to allow for the natural bending direction of the seagrass. The flow within the flume 
was increased at 0.1 m s-1 increments, from 0 to 0.5 m s-1, and a digital photograph was taken 
of the seagrass shoots at each flow speed. Using ImageJ 1.50i (Schneider et al. 2012), a straight 
line was drawn from the base of the shoot to the most distal point of the leaves, and the angle 
of this line was recorded as the bending angle of the seagrass shoot. Bending angles are 
presented relative to the angle of the shoot at 0 m s-1. These measurements were repeated three 
to five times for each seagrass species/type, each time with a new healthy shoot. 

Biomass allocation to above- and below-ground structures can be used to identify the 
robustness of the seagrass patches to storm events (Cruz-Palacios and van Tussenbroek 2005; 
van Tussenbroek et al. 2008), and thereby their ability to provide long-term sediment 
stabilisation services. Five replicate cores of 0.15-m diameter and length were taken from 
within the ungrazed and intensively grazed T. testudinum patches and 0.1-m diameter and 
length within the H. stipulacea seagrass patches. As lightly grazed T. testudinum patches were 
a mix of grazed and ungrazed T. testudinum, biomass measurements within this patch type 
were deemed unnecessary, and therefore damage to the seagrass meadow from taking cores 
could be minimised. Sediment was washed from the biomass, and the biomass was separated 
into above-ground biomass (leaves and sheath), and below-ground biomass (roots and 
rhizomes). The biomass was dried in a 60°C drying oven and weighed. 

Statistical analyses 

To firstly test if there were significant differences in the critical erosion threshold and median 
grain size between the seagrass patch types, one-way ANOVAs and Tukey HSD pair-wise 
comparisons were conducted with R version 3.6.1 (R Core Team 2017) for each water motion 
type (unidirectional and oscillatory). A linear regression was subsequently used to identify the 
effect of the seagrass volume and grain size on the critical erosion threshold in the 
unidirectional and oscillatory flow regimes. Due to the oscillatory flow measurements being 
conducted within the two study areas (Fig. 2), so that H. stipulacea patches could be measured, 
area was also included as a factor in the linear regression for the oscillatory flow measurements. 
Residual scatter plots were examined to ensure homoscedasticity and a Shapiro–Wilk test was 
conducted to test normality, with the data passing these assumptions. 95% confidence intervals 
(CI) were calculated for all data and are presented throughout the results text. 

Biomass and leaf bendability were not included in the regression analyses due to their strong 
correlation with seagrass volume and because the biomass samples were not taken directly 
within the flume measurement positions. These measurements were therefore used to describe 
the observed relationships. 
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Results 

Vegetation effects on critical erosion threshold 

The critical erosion threshold varied significantly between the different seagrass patch types in 
both the unidirectional flow regime (One-way ANOVA: F3,9 = 40.16, p = < 0.001; Appendix 
B1) and the oscillatory flow regime (One-way ANOVA: F5,13 = 11.07, p = < 0.001; Appendix 
B1). In bare areas with no seagrass cover, the median grain size was 295.8 ± 4.0 µm (n = 3; 
Fig. 4), with 41% of the grains measuring between 250-500 µm. This bare sediment began 
moving at an average unidirectional flow speed of 0.11 ± 0.02 m s-1 (95% CI, n = 3; Fig. 3a), 
and at a rms oscillatory flow velocity of 0.11 ± 0.02 m s-1 (95% CI, n = 3; Fig. 3b). 
Contrastingly, in areas where ungrazed T. testudinum is present, the volume of seagrass is the 
highest at 0.17 ± 0.02 m3 (n = 7), and a strong unidirectional flow of 0.50 ± 0.09 m s-1 (n = 4; 
Fig. 3a) or a rms oscillatory flow velocity of 0.17 ± 0.03m s-1 (n = 3; Fig. 3b) were required to 
move the sediment beneath the ungrazed canopy. A post-hoc Tukey test showed that the critical 
erosion threshold was significantly greater within the ungrazed T. testudinum patches 
compared to bare areas, under both a unidirectional flow regime (D= 0.386, p = < 0.01; 
Appendix B1) and an oscillatory flow regime (D = 0.06, p = 0.01; Appendix B1). The sediment 
grain size did not significantly differ from that of bare areas (Appendix B2), with a median 
grain size of 355.6 ± 49.0 µm (n = 3; Fig. 4). Ungrazed T. testudinum had the longest leaves, 
with an average canopy height of 0.2 ± 0.02 m tall (n = 7; Fig 5a), and a benthic area coverage 
of 82.9 ± 2.1% (n = 7; Fig 5b). These long leaves bent over immediately in a unidirectional 
flow, and by a flow velocity of 0.4 m s-1, the leaf of T. testudinum reached a maximum bending 
angle of 64.4 ± 23.0° (n = 3; 5d). The dense cover of T. testudinum translated into a below-
ground biomass of 298 ± 89 gdwt m-2 (n = 5) and an above-ground biomass (leaves and sheath) 
of 420 ± 126 gdwt m-2 (n = 5; Fig. 5b). 
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Fig. 3. The critical erosion threshold (m s-1) versus seagrass volume (area cover of seagrass × canopy height) 

under unidirectional (a) and oscillatory flow (b) conditions produced by portable field flumes. The five 

studied patch types are represented by different symbols, in (b) there are three additional measurements of 

grazed T. testudinum conducted in area 2 (open diamonds) to coincide with the invasive H. stipulacea (black 

stars) measurements. The fitted line demonstrates the relationship between seagrass volume and the critical 

erosion threshold (unidirectional: p-value(SG volume) < 0.001, R2
(adj) = 0.833; oscillatory: p-value(SG volume) < 

0.001, R2
(adj) = 0.644; Appendix B3). Note the different y-axis scales.  

Influence of megaherbivore grazing on sediment stabilisation by seagrass 

Intensive megaherbivore grazing of T. testudinum in some areas reduced the volume of 
seagrass to 0.01 ± 0.01 m3 (n = 10) and the canopy height of T. testudinum by 80% to 0.04 ± 
0.01 m (n = 10; Fig. 5a). This corresponded with a 70% reduction in the above-ground biomass 
to 125 ± 17 gdwt m-2 (n = 5) and a 31% reduction in below-ground biomass to 205 ± 59 gdwt m-

2 (n = 5; Fig. 5b) when compared to ungrazed areas of T. testudinum. The intensive grazing of 
T. testudinum decreased its influence on the critical erosion threshold significantly in both flow 
regimes (Tukey test: Dunidirectional = 0.33, p = < 0.001; Doscillatory = 0.09, p = < 0.01; Appendix 
B1), so that the critical erosion threshold within the intensively grazed patches did not 
significantly vary from that of bare sediment. The critical erosion threshold within the grazed 
T. testudinum patches under the oscillatory flow regime did not significantly differ between 
the two study areas (Fig. 2), and the sediment began moving at 0.08 ± 0.02 m s-1 (n = 6; Fig. 
3b) in both study areas. The median sediment grain size in grazed patches did not significantly 
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differ from that of the ungrazed T. testudinum and bare patches. Between the two study areas, 
there was almost double the proportion of silt grains (< 63 µm) within area 2 (10.1 ± 1.9%; n 
= 5) compared within area 1 (5.6 ± 2.5%; n = 3), however, there was no significant difference 
in the median grain size in both areas (Fig. 4). The bending angle of grazed T. testudinum was 
restricted by its shortness, and grazed leaves bent by only 14.2 ± 8.4° (n = 3) at the strongest 
flow of 0.5 m s-1 (Fig. 5d).  

 

Fig. 4. The median grain size and grain size distribution of the sediment within the two study areas and each 

seagrass patch type where the critical erosion threshold measurements were conducted. Most seagrass patch 

types existed within the same area (study area 1, see Figure 2), however, the invasive Halophila stipulacea 

and an additional grazed Thalassia testudinum were measured in study area 2. To help with the comparison 

of the two study areas, the grain size distribution of bare sediment within study area 2 was also measured. 

Bars and points represent mean values ± 95% CI (n = 3). Different capital letters above points indicate a 

significant difference tested with Tukey HSD pair-wise comparisons (Appendix B2), p < 0.05 are considered 

statistically significant. 

Lightly-grazed T. testudinum was a mix of grazed and ungrazed leaves, resulting in a seagrass 
volume 42% less than in completely ungrazed areas (0.1 ± 0.02 m3; n = 6). The lightly-grazed 
T. testudinum still provided protection to the sediment layer under a unidirectional flow regime, 
with a flow speed of 0.41 ± 0.01 m s-1 (n = 3; Fig. 3a) required to move the sediment beneath 
the canopy, which was significantly greater than the sediment in bare patches (Tukey test: D = 
0.30, p = < 0.001; Appendix B1). However, under a wave regime, the critical erosion threshold 
did not significantly differ to that of bare areas (0.1 ± 0.01, n =3; Fig. 3b; Appendix B1) and 
was significantly less than the ungrazed T. testudinum patches (Tukey test: D = 0.07, p < 0.01).  
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Effect of invasive H. stipulacea on sediment stabilisation 

H. stipulacea had a high benthic cover of 86.7 ± 6.5% (Fig. 5c). However, the short canopy 
height (0.04 ± 0.01 m, n = 3; Fig. 5a) meant that the calculated seagrass volume was only 0.04 
± 0.01 m3 for areas inhabited by H. stipulacea (n = 3). H. stipulacea only occurred within the 
deeper second study area (Fig. 2). The median grain size between the bare patches in the two 
opposing study areas did not significantly differ, however, the sediment within study area 2 
had a greater proportion of fine grains (< 125 µm) compared to the sediment within study area 
1 (Fig. 4). The sediment within patches of invasive seagrass H. stipulacea, was however, 
significantly distinct to the sediment within all other seagrass patch types (One-way ANOVA; 
F6,17 = 6.43, p-value < 0.01; Appendix B2). The median grain size within the H. stipulacea 
patches was the lowest observed at 167.10 ± 124.59 µm (n = 3), and the largest proportion of 
the sediment was made up of very fine calcareous grains (< 63 µm, Fig. 4). Tukey pairwise 
comparisons showed that the median grain size within H. stipulacea patches was significantly 
finer than the sediment within the neighbouring grazed T. testudinum that was also in the 
second study area (D = -217.93, p  < 0.01). The mean critical erosion threshold within the H. 
stipulacea patches under an oscillatory flow was 0.08 ± 0.01 m s-1 (n = 3; Fig. 3b). The low 
canopy height of H. stipulacea contributed to it only having a mean above-ground biomass of 
41.92 ± 10.11 g m-2 (n = 5), with a higher below-ground biomass of 98.77 ± 25.36 g m-2 (n = 
5; Fig. 5b). The short leaf of invasive H. stipulacea bent up to 33.48 ± 14.86° (n = 5) at flow 
speeds of 0.5 m s-1 (Fig. 5d). 

Importance of meadow characteristics 

The volume of seagrass within the different patch types exhibited a significant positive 
relationship with the critical erosion threshold in both the unidirectional flow (Linear 
regression: b = 7.55, tdf=9 = 2.71, p = 0.02; Fig. 3a) and the oscillatory flow regime (Linear 
regression: b = -2.14, tdf=14 = -2.37, p = 0.03; Fig. 3b). However, within the oscillatory flow 
regime measurements, there was a significant interaction between the seagrass volume and 
sediment grain size (Linear regression: b = 0.01, tdf=14 = 2.80, p = 0.01). The study area did not 
significantly affect the critical erosion threshold in the oscillatory flow measurements. 
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Fig. 5. The canopy height (a), leaf (white bars), sheath (light grey bars) and below-ground (dark grey bars) 

biomass (b) and percentage seagrass cover (c) is displayed for the dominant seagrass patches present in Lac 

Bay, Bonaire (Thalassia testudinum—grazed and ungrazed, and Halophila stipulacea). The angles at which 

the leaves of the seagrasses bend under increasing unidirectional flow velocities within a racetrack flume is 

depicted in (d). Bars and points represent means ± 95% CI (n = 3–7). 

Discussion 

The capacity of tropical seagrasses to stabilise the sediment surface and the influence of 
megaherbivore grazing on this sediment stabilisation was directly measured in situ, using two 
portable field flumes. Seagrass meadow morphology strongly affected the sediment 
stabilisation services, with seagrass patches that have a high seagrass volume, such as the tall 
and dense canopies of ungrazed T. testudinum, effectively protecting the sandy sediment 
surface from erosion in both unidirectional and oscillatory flow regimes. By reducing the 
seagrass canopy volume, megaherbivore grazing had a strong negative effect on the erosion-
protection ecosystem service of the native T. testudinum meadows and increased the likelihood 
of erosion of the sediment surface. The sediment within the short canopy of H. stipulacea was 
also easily eroded, with only slow flows required to cause sediment resuspension within the 
invasive patches. The higher proportion of fine sediment within the H. stipulacea patches, 
however, has to be considered when evaluating the sediment stabilisation capacity of this 
invasive seagrass.  
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Vegetation properties affect critical erosion threshold under flow and waves 

In a unidirectional flow environment, the long, bendable, strap-like leaves of T. testudinum 
create a tightly packed barrier that deflects the main flow over the canopy rather than along the 
sediment surface (Koch and Gust 1999; Koch et al. 2006). This long, strap-like leaf 
morphology was also demonstrated to be advantageous in providing effective sediment 
stabilisation by Widdows et al. (2008), who showed that in high flow conditions, sediment 
stability was increased 10-fold within dense beds of Zostera marina compared to unvegetated 
sediments. Contrastingly, the short canopy of grazed T. testudinum scarcely bends, and as a 
result, sediment within the intensively grazed patches begins to move at similar flow velocities 
as in unvegetated areas.  
 
The ability of dense ungrazed seagrass meadows to stabilise the surface sediment in oscillatory 
flow conditions still persists, but its effectiveness is reduced over two-fold compared to 
unidirectional flow conditions. The loss of only a small amount of the canopy to light grazing 
reduced the sediment protection ability of T. testudinum to an extent that the seagrass had no 
significant effect on the critical erosion threshold. Strong unidirectional flow can create a 
skimming effect, which reduces the mixing between the bulk water and the water inside the 
seagrass canopy (Koch and Gust 1999), and thus reduces bottom shear. Contrastingly, 
oscillatory motion creates a more turbulent environment. Seagrass leaves sway back and forth 
with the oscillatory motion, leading to increased flow penetration and thereby allowing the 
flow to exert greater drag and lift forces on the seabed (Koch and Gust 1999; Lowe et al. 2005b; 
Luhar et al. 2010). This turbulence and greater penetration of flow into the seagrass canopy 
results in smaller boundary layers at the seabed (Luhar et al. 2010; Tinoco and Coco 2018), 
and increases the likelihood of sediment resuspension. In addition, stiff structures (i.e., seagrass 
shoots) increase turbulence inside the boundary layer (Tinoco and Coco 2018), which can lead 
to enhanced erosion when flow reduction by leaves is inhibited due to, for example, grazing.  

Megaherbivore grazing lowers critical erosion threshold 

The significant loss of above-ground biomass from megaherbivore grazing, lessens the amount 
of protection given by the seagrass to the sediment surface layer, and thus the erosion 
protection. A great effort has been put into the conservation of large herbivores, and is resulting 
in a recovery of green turtle populations (Chaloupka et al. 2008). This effort, unfortunately, 
has largely not extended to the conservation of the native seagrass populations that they are 
dependent upon, which are generally in decline (Orth et al. 2006). The high number of turtles 
residing within Lac Bay has led to 78% of the seagrass area being grazed (Christianen et al. 
2018), significantly reducing the biomass of the native seagrass species T. testudinum.  
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Even though the above-ground biomass is reduced by grazing, which creates a more unstable 
surface sediment layer, the extensive root network of T. testudinum should continue to cement 
the deeper layers of sediment together, reducing its erodibility and helping to maintain the 
overall seabed (Christianen et al. 2013). The root network of T. testudinum is robust and is 
resistant to extreme hydrodynamic conditions (Cabaço et al. 2008; van Tussenbroek et al. 
2008). This resilience to uprooting during storms thereby allows T. testudinum to continue to 
provide erosion protection over a prolonged period. However, a high megaherbivore grazing 
pressure eventually impacts the below-ground biomass of seagrass, as the plants have to 
reallocate energy to photosynthetic tissue rather than roots (Hemminga 1998; Dahl et al. 2016). 
A reduction in the root biomass of T. testudinum following grazing was observed in this present 
study as well as by Christianen et al. (2014) and has the potential to create a ‘runaway 
feedback’ (Suykerbuyk et al. 2016). Further reductions in the below-ground seagrass biomass 
could compromise the long-term stability of the sediment bed, and thereby, discourage the 
growth of native seagrass species. In addition, the voracity of the spread of H. stipulacea is 
hampering the self-regeneration of the native seagrass species, which threatens the natural 
ecosystem functioning of Caribbean seagrass meadows. Overall, there is urgent need to match 
the conservation of large herbivores with an equally strong conservation of their preferred 
grazing habitats of native seagrass (Christianen et al. 2018). 

Effects of invasive H. stipulacea on coastal protection services 

Preferential grazing of native seagrass species by turtles within the deeper areas of the bay (< 
2 m), creates large areas of cropped, sparse vegetation, which has subsequently become 
overgrown by the invasive H. stipulacea (Christianen et al. 2018). The sediment within the 
invasive seagrass patches was composed of a significantly higher proportion of fine grains 
compared to all other seagrass patches studied. More fine sediment grains are expected to 
accumulate in deeper regions compared with the shallows due to the reduction in wave forces 
reaching the seabed (Swift and Niedoroda 1985). It is, however, noted that this cannot be the 
only reason for H. stipulacea having finer sediments, as the sediment within the H. stipulacea 
patch was even finer than the neighbouring grazed T. testudinum and bare patches that were 
present in the deeper site (study area 2).  

The effect of the significantly smaller grain size in the H. stipulacea meadows must be 
considered in relation to its erosion protection of the seabed. Smaller unconsolidated sediment 
particles will move easier and at lower bottom shear stress values than larger particles (Shields 
1936). In our experiments, the oscillatory flow velocity at which the (smaller) calcareous grains 
within the invasive H. stipulacea patches were put in motion, did not significantly differ from 
the velocity observed for the larger grains in grazed T. testudinum (Fig. 3b). As both 
populations are subject to similar physical conditions, it is not surprising to find that the 
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sediment grains present in the meadows start moving at a similar current velocity. A seagrass 
meadow would not be able to collect finer grains, such as is observed in H. stipulacea, if these 
were resuspended and carried away during normal physical conditions The critical erosion 
threshold of a rms oscillatory flow of around 0.08 m s-1 must therefore correspond to conditions 
that are sufficiently rare within the deeper regions of Lac Bay for the meadows to collect 
sediment of a grain size that is stable under conditions below this threshold.  

As the erosion threshold and volume of seagrass is similar in the H. stipulacea and grazed T. 
testudinum patches within study area 2, the difference in grain size between these two patch 
types is intriguing. The high-density canopy of H. stipulacea, which is close to the seabed, 
must effectively reduce the shear stress inside its canopy up to oscillatory flow velocities of  
0.08 m s-1, thereby preventing sediment resuspension and allowing for the accumulation of fine 
grains. In the same deeper region, the sparse shoot density of grazed T. testudinum does little 
to reduce the bed shear stress, and the sediment grain size distribution does not significantly 
differ to that of bare patches.  

On occasions when the oscillatory flow at the seabed is greater than 0.08 m s-1 in areas where 
H. stipulacea is present, such as during storm events, the presence of H. stipulacea constitutes 
a vulnerability for the system. H. stipulacea is an opportunistic species, and although it is able 
to rapidly colonise bare areas (Hernández-Delgado et al. 2020), the low below-ground biomass 
of H. stipulacea makes it vulnerable to uprooting (Malm 2006). Large meadows of H. 
stipulacea were uprooted in 10 m deep waters within Oranjestad Bay, St Eustatius (Caribbean) 
after category 5 Hurricane Irma in 2017 (Personal observation 2017, Appendix B4). 
Contrastingly, meadows of T. testudinum on the neighbouring island of St Martin, were 
unaffected even though they were in the direct path of the same hurricane (James et al. 2020b). 
The replacement of T. testudinum by H. stipulacea, which is susceptible to uprooting during 
strong hydrodynamic events, could potentially leave vast areas of the seabed bare and exposed, 
hence vulnerable to erosion for periods of time after severe storms.  

Storm resilience of seagrass ecosystems 

We postulate that the storm resilience of a seagrass ecosystem can be determined by the erosion 
resilience and uprooting resilience of the seagrass meadow (Fig. 6). In this way, ungrazed T. 
testudinum meadows increase the storm resilience of the tropical seagrass ecosystem, by 
stabilising the sediment surface under strong oscillatory flow at the seabed (i.e., between 0.15 
– 0.2 m s-1), and through the extensive root network that ensures the meadow and seabed 
remains intact even during strong storm events (van Tussenbroek et al., 2008; Fig. 6). Intensive 
megaherbivore grazing has a strong negative effect on the storm resilience during storms 
through the loss of above-ground biomass, and thereby, reduction in sediment stabilisation. 
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The robust root network of the climax seagrass, however, helps to maintain the seabed integrity 
even when grazed (Fig. 6). Intensive grazing also facilitates the spread of opportunistic 
seagrass species that can quickly colonise the bare sediment (Christianen et al. 2018). 
Seagrasses with more opportunistic life strategies allocate less energy into the development of 
their below-ground biomass, and are therefore, more vulnerable to uprooting in storms (Preen 
et al. 1995; van Tussenbroek et al. 2008). This susceptibility to uprooting reduces the overall 
storm resilience of the seagrass ecosystem, and potentially accelerates the spread of H. 
stipulacea by dispersing vegetative propagules (Smulders et al. 2017).  

 

Fig. 6. The resilience of the ecosystem to storms can be demonstrated by the below-ground biomass of the 

seagrass (a proxy for uprooting resilience) and the critical erosion threshold under oscillatory flow (a proxy 

for erosion resilience). High below-ground biomass and effective sediment stabilisation by ungrazed 

Thalassia testudinum (green circles) provides an ecosystem resilient to storm conditions. Heavy grazing of 

T. testudinum (blue circles) reduces the sediment stability. Invasion by Halophila stipulacea (red circles) 

results in a sediment surface vulnerable to erosion, while the low below-ground biomass of the invasive 

species makes it vulnerable to uprooting, potentially leading to bare areas after storms. Bare (yellow) areas 

have no vegetated biomass to protect the sediment, leaving these areas vulnerable to erosion during storms. 

Solid circles represent raw data, while larger shaded areas indicate the groupings of the different seagrass 

patch types. Seagrass illustrations obtained from IAN images (Collier 2019; Saxby 2019). 

Mechanistic study of sediment dynamics 

Observational studies examining the effect of seagrass meadows and grazing on sediment 
stability highlight the variability of the sediment dynamics between sites. Intertidal seagrass 
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meadows of T. hemprichii experienced significant erosion after the above-ground biomass was 
clipped to mimic grazing (Dahl et al. 2016; Githaiga et al. 2019). Contrastingly, Johnson, 
Gulick, Bolten, & Bjorndal (2019) reported no significant difference in the sediment level 
between grazed and ungrazed plots of T. testudinum over a 3-month experiment. The opposing 
observations between sites is likely to be caused by variations in the hydrodynamic regime, 
depth, seagrass morphology, sediment characteristics and sediment supply. Because the 
sediment dynamics of a site depend upon a range of local processes, it is difficult to directly 
compare observations between sites. That is, a sheltered site with a steady sediment supply is 
unlikely to erode, even if the seagrass canopy is lost. In contrast, sites experiencing stronger 
hydrodynamic forces, such as in the intertidal zone, are highly likely to display a strong 
erosional response when the seagrass canopy is removed. Using field flumes, we provide 
mechanistic insight into the erosion protection provided by seagrass meadows. Although the 
absolute erosion threshold values are likely to differ between seagrass meadows depending 
upon the local sediment grain size, the mechanistic trends that are revealed remain the same, 
irrespective of local conditions. That is, (i.) seagrass meadows provide less erosion protection 
under an oscillatory flow regime compared to a unidirectional flow regime, and (ii.) the level 
of erosion protection is positively correlated to the volume (density and canopy height) of the 
seagrass canopy. By understanding the mechanisms of a key process of the ecosystem 
functioning, we can improve the development of ecosystem models, and thereby, make more 
robust predictions for the future of coastal ecosystems in this changing world. 

Ecosystem services under threat? 

When examining the mechanisms that affect the erosion protection capacity of seagrass 
meadows, it is evident that the effectiveness of the erosion protection declines within a 
disturbed and degraded system. This decline in the provision of ecosystem services has been 
observed in other ecosystems too. The accumulation of peat is negatively impacted by reduced 
growth of Sphagnum species in peatlands (Dieleman et al. 2015), and hydrology processes are 
affected by the loss of soil crusts in dryland communities (Ferrenberg et al. 2015). Furthermore, 
community shifts towards more fast-growing opportunistic species disrupts the natural 
functioning of the ecosystem and may significantly impact the ecosystem services provided. 
We see this in the alteration in the erosion protection services provided by the invasive 
opportunistic H. stipulacea, but this is also in line with other ecosystems. Nutrification in 
grassland communities leads to species-shifts in both the plant community and also the 
associated pollinators (Habel et al. 2016), while shifts towards a turfing-algae dominated reef 
systems in the coastal environment impacts the abundance and composition of mussels (Sorte 
et al. 2017) and reef fish species (Bellwood et al. 2006). Ultimately, a shift in the biological 
community could cause a shift in the ecosystem services provided by that community. Further 
investigation is required to quantify the extent that ecosystem services are affected within 
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different ecosystem types with global change, and the consequences that changing ecosystem 
services have on the associated communities.  

The strong seabed stabilisation by native climax seagrass species provides a vital coastal 
protection service throughout the Caribbean, by reducing erosion and maintaining a stable 
beach foreshore, even under storm conditions. Intensive grazing and opportunistic invasive 
species are not only threatening the abundance of native seagrass species but are also 
threatening the important coastal protection services that are provided by the native climax 
species.  
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Appendix B 

Appendix B1. One-way ANOVA and pair-wise comparisons for the threshold flow velocity 
in a unidirectional and oscillatory flow regime. 

 

 

 
One-way ANOVA and pair wise comparisons for threshold shear velocity: 
 
Unidirectional flow           
One-way ANOVA: Threshold flow velocity ~ patch type     

  Df 
Sum of 

squares 
Mean sum 
of squares F-value P-value 

Patch type 3 0.3537 0.1179 40.16 1.55E-05 

Residuals 9 0.0264 0.0029    

---       

        

TukeyHSD (95% family-wise confidence level)     

Comparison Difference Lower Upper 
p-value 

(adj)   

Grazed Thalassia-Bare 0.0541 -0.0840 0.1922 0.6288   

Lightly grazed Thalassia-Bare 0.3022 0.1641 0.4403 0.0003 *** 

Thalassia-Bare 0.3861 0.2570 0.5153 0.0000 *** 

Lightly grazed Thalassia-Grazed Thalassia 0.2481 0.1100 0.3862 0.0015 *** 

Thalassia-Grazed Thalassia 0.3320 0.2028 0.4612 0.0001 *** 

Thalassia-Lightly grazed Thalassia 0.0839 -0.0453 0.2131 0.2475   
  
Oscillatory flow           
One-way ANOVA: Threshold flow velocity ~ Patch type     

  Df 
Sum of 

squares 
Mean sum 
of squares F-value P-value 

Patch type 5 0.01795 0.00359 11.07 0.00026 
Residuals 13 0.00422 0.00032    
---       
        
TukeyHSD (95% family-wise confidence level)      

Comparison Difference Lower Upper 
p-value 

(adj)   
Grazed Thalassia-Bare -0.02303 -0.0718 0.0257 0.6319   
Grazed Thalassia 2-Bare -0.02766 -0.0733 0.0180 0.3866   
Halophila 2-Bare -0.02711 -0.0759 0.0216 0.4735   
Lightly grazed Thalassia-Bare -0.00747 -0.0562 0.0413 0.9949   
Thalassia-Bare 0.06173 0.0130 0.1104 0.0106 ** 
Grazed Thalassia 2-Grazed Thalassia -0.00463 -0.0502 0.0410 0.9993   
Halophila 2-Grazed Thalassia -0.00408 -0.0503 0.0447 0.9997   
Lightly grazed Thalassia-Grazed Thalassia 0.01556 -0.0332 0.0643 0.8892   
Thalassia-Grazed Thalassia 0.08476 0.0360 0.1335 0.0007 *** 
Halophila 2-Grazed Thalassia 2 0.00054 -0.0451 0.0462 1.0000   
Lightly grazed Thalassia-Grazed Thalassia 2 0.02019 -0.0254 0.0658 0.6886   
Thalassia-Grazed Thalassia 2 0.08939 0.0438 0.1350 0.0002 *** 
Lightly grazed  Thalassia-Halophila 2 0.01964 -0.0291 0.0684 0.7614   
Thalassia-Halophila 2 0.08885 0.0401 0.1376 0.0005 *** 
Thalassia-Lightly grazed Thalassia 0.06920 0.0205 0.1180 0.0043 ** 
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Appendix B2. One-way ANOVA and pair-wise comparisons for median grain size. 

 

  

One-way ANOVA and pair wise comparisons for median grain size: 
 

One-way ANOVA: Grain size ~ Patch type         

  Df 
Sum of 

squares 
Mean sum 
of squares F-value P-value 

Patch type 5 106998 21400 8.326 0.00102 

Residuals 13 33413 2570    

---       

TukeyHSD (95% family-wise confidence level)      

        
Comparison Difference Lower Upper p-value (adj) 
Grazed Thalassia-Bare 90.6133 -46.654 227.881 0.3050   

Grazed Thalassia 2-Bare 89.1893 -39.213 217.591 0.2594   

Halophila 2-Bare -128.740 -266.007 8.5274 0.0713 . 

Lightly grazed Thalassia-Bare 48.4033 -88.864 185.671 0.8434   

Thalassia-Bare 59.7300 -77.537 196.997 0.7027   

Grazed Thalassia 2-Grazed Thalassia -1.4240 -129.826 126.978 1.0000   

Halophila 2-Grazed Thalassia -219.353 -356.621 -82.086 0.0016 *** 

Lightly grazed  Thalassia-Grazed Thalassia -42.2100 -179.477 95.057 0.9031   

Thalassia-Grazed Thalassia -30.8833 -168.151 106.384 0.9720   

Halophila 2-Grazed Thalassia 2 -217.929 -346.331 -89.527 0.0009 *** 

Lightly grazed Thalassia-Grazed Thalassia 2 -40.7860 -169.188 87.616 0.8910   

Thalassia-Grazed Thalassia 2 -29.4593 -157.861 98.943 0.9696   

Lightly grazed Thalassia-Halophila 2 177.143 39.876 314.411 0.0092 ** 

Thalassia-Halophila 2 188.470 51.203 325.737 0.0057 ** 

Thalassia-Lightly grazed Thalassia 11.3267 -125.941 148.594 0.9997   
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Appendix B3. Linear regression output of the relationship between seagrass volume and 
median grain size on the threshold shear velocity under a unidirectional and oscillatory flow 
regime. 

 

  

Linear regression analysis: 
 

Linear regression - Unidirectional flow regime     
Threshold shear velocity (unidirectional, ms-1)= seagrass volume + median grain size + seagrass 
volume*median grain size 

       
Residuals:       
Min 1Q Median 3Q Max   

-0.100249 -0.041115 0.009533 0.014802 0.119410   
       
Coefficients:       
 Estimate Std. Error t-value Pr(>|t|)   
(Intercept) -0.0817795 0.1986611 -0.412 0.6902   
Seagrass volume 7.5539166 2.7864482 2.711 0.0240 **  
Median grain size 0.0006900 0.0005784 1.193 0.2634   
SG*Grain size -0.0159591 0.0078864 -2.024 0.0737 .  
---       
       
Residual standard error: 0.07271 on 9 df     
Multiple R-squared: 0.8748, Adjusted R-squared: 0.8331    
F-statistic: 20.97 on 3 and 9 DF, p-value: 0.0002128    

 
Linear regression - Oscillatory flow regime     
Threshold shear velocity (oscillatory, ms-1)= seagrass volume + median grain size + study area + 
seagrass volume*median grain size  

       
Residuals:       
Min 1Q Median 3Q Max   

-0.035576 -0.007747 0.001832 0.013192 0.027031   
       
Coefficients:       
 Estimate Std. Error t-value Pr(>|t|)   
(Intercept) 0.152 0.0352 4.326 0.000697 ***  
Seagrass volume -2.139 0.9013 -2.373 0.032497 *  
Median grain size 0.00017 0.00009 -1.847 0.085943   
Study area -0.00985 0.01157 -0.851 0.408832   
SG*Grain size 0.00731 0.00261 2.797 0.014251 *  
---       
       
Residual standard error: 0.02093 on 14 df     
Multiple R-squared: 0.7234, Adjusted R-squared: 0.6444 
F-statistic: 9.154 on 4 and 14 DF,  p-value: 0.0007511    
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Appendix B4. Observations of Halophila stipulacea meadows in St Eustatius, Caribbean, 
before and after a category 5 hurricane  

On the 5th September 2017 fixed locations within patches of Halophila stipulacea inside 
Oranjestad Bay, St Eustatius (Caribbean) were haphazardly selected. At these locations, metal 
poles were driven into the sediment to mark the locations, and photo-quadrats measuring 0.5 
m x 0.5 m were taken within the seagrass patches (Appendix B4, Fig. 1a). Category 5 Hurricane 
Irma passed north of St Eustatius on the 6th September, creating offshore waves that were 
approximately 10 m in height (Kuznetsova et al. 2019). Three days after the passing of the 
hurricane (once the ocean conditions had calmed) the fixed locations were revisited and 
photographed (Appendix B4, Fig. 1b).  

It was observed that the patches of Halophila stipulacea had completely disappeared directly 
after the hurricane within Oranjestad Bay. It was concluded that the H. stipulacea was 
dislodged due to the continued presence of the metal rods above the sediment surface and the 
large amounts of H. stipulacea washed ashore. In January 2018 (4 months after the hurricane), 
the fixed locations were revisited and the seagrass had still not recovered, with there being no 
signs of H. stipulacea within the general vicinity.  

	

Appendix B4, Fig. 1. Photo-quadrats taken at fixed locations within a patch of Halophila 
stipulacea on 5 September before Hurricane Irma (a) and three days after the hurricane had 
passed (9 September) (b). All seagrass within the observed vicinity was no longer present.  
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Abstract 

Tropical beaches provide coastal flood protection, income from tourism and habitat for ‘flag-
ship’ species. They urgently need protection from erosion, which is being exacerbated by 
changing climate and coastal development. Traditional coastal engineering solutions are 
expensive, provide unstable temporary solutions and often disrupt natural sediment transport. 
Instead, natural foreshore stabilisation and nourishment may provide a sustainable and 
resilient, long-term solution. Field flume and ecosystem process measurements along with data 
from the literature, show that sediment stabilisation by seagrass in combination with sediment-
producing calcifying algae in the foreshore, form an effective mechanism for maintaining 
tropical beaches worldwide. The long-term efficacy of this type of nature-based beach 
management is shown at a large scale by comparing vegetated and unvegetated coastal profiles. 
We argue that preserving and restoring vegetated beach foreshore ecosystems offers a viable, 
self-sustaining alternative to traditional engineering solutions, increasing the resilience of 
coastal areas to climate change. 
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Introduction 

Beaches are key ecosystems in coastal zones, making up 31% of the world’s shoreline in ice-
free regions of the world (Luijendijk et al. 2018). They have a vital role in flood defence, 
provide a source of income as a tourist attraction, and are essential habitats for various tropical 
“flag-ship” species, such as sea turtles and sea birds (Defeo et al. 2009). Beach erosion, 
however, has become a major global problem, with a recent analysis showing that 24% of the 
world’s sandy beaches experience chronic erosion (Luijendijk et al. 2018). The development 
of human infrastructure along the coast and waterways (Fig. 1a-c) has led to the rapid loss of 
natural systems that accumulate and stabilise sediment - such as coastal dunes, seagrass 
meadows and mangroves - disrupting the regular pathways of sediment transport (Feagin et al. 
2015; Luijendijk et al. 2018). Moreover, the combination of sea level rise with increasing storm 
occurrence and intensity will exacerbate beach erosion in the future (Defeo et al. 2009; Nicholls 
and Cazenave 2010). This is of great concern for many tropical areas, which typically have a 
high dependency on beaches for flood safety, and also economically for local tourism (red 
shading in Fig. 1d). For example, Caribbean islands together received over 23 million tourist 
visitors in 2015, creating a revenue of 26.5 billion USD (UNWTO 2016). On average, 23% of 
the gross domestic product (GDP) of countries within the Caribbean is obtained from tourism 
(Fig. 1d), with most tourists being attracted by the sandy beaches. Cost effective solutions to 
prevent or mitigate beach erosion are thus urgently needed for the long-term economic 
sustainability in these countries (Secretary-General 2016; Morris et al. 2018).  

Many tropical countries lack the infrastructure and finances to undertake engineering solutions 
for beach protection. Hence, beaches continue to disappear into the sea, increasing the 
vulnerability of coastal areas to flooding, and threatening coastal structures and beach tourism 
(Fig. 1b). Where there are sufficient resources, two schemes of coastal engineering strategies 
are used to counter beach erosion: hard and soft (Finkl and Walker 2005; Castelle et al. 2009; 
Stive et al. 2013; Silva et al. 2016), both incurring a high capital cost. Hard coastal defence 
schemes are employed to mitigate wave attack and reduce local erosion (Fig. 1a; Ranasinghe 
and Turner 2006; Ruiz-Martínez et al. 2015; Walker, Dong and Anastasiou 1991). Such 
physical barriers typically inhibit the natural sand transport pathways, thereby depleting sand 
from neighbouring areas (Ranasinghe and Turner 2006; Ruiz-Martínez et al. 2015; Luijendijk 
et al. 2018). Soft defence schemes, such as beach or foreshore nourishments, have recently 
become more popular (Fig. 1c; Bishop et al. 2006; Castelle et al. 2009; Ruiz-Martínez et al. 
2015; Stive et al. 2013). Although effective, soft engineering requires continuous maintenance, 
resulting in repeated smothering and disturbance of the natural beach communities (Bishop et 
al. 2006; Defeo et al. 2009) and neighbouring ecosystems (e.g. coral reefs). In the long-term, 
nourishments can alter beach grain characteristics (Hanson et al. 2002), which can potentially 
cause permanent changes to the benthic community (Bishop et al. 2006).  



Maintaining tropical beaches 

 70 

By combining experimental field measurements with data from the literature, we demonstrate 
that the combination of foreshore stabilisation by seagrass and natural foreshore nourishment 
by calcifying macroalgae can provide long-term maintenance of tropical beaches. In general, 
foreshore nourishment (both natural or engineered) is effective in beach protection, as a 
shallow foreshore reduces wave attack on the beach (Hanson et al. 2002; Christianen et al. 
2013). Because a natural foreshore stabilisation-and-nourishment regime requires no 
maintenance and operates gradually over long timescales with locally-produced sediment, it 
offers a cost-effective and sustainable alternative to human-engineered solutions. Comparing 
unique long-term beach profiles of vegetated, transitioning and unvegetated coasts illustrate 
the effectiveness of this approach. 

 

Fig. 1. The building of hard structures to prevent coastal erosion, such as seawalls (a), the over-development of 
coastlines (b), and beach nourishments (c) only serve to exacerbate coastal erosion. The global map (d) shows the 
proportion of GDP obtained from tourism in 2015 (data sourced from World Bank and World Tourism 
Organization), with the darker red shading indicating a higher proportion of the gross domestic product (GDP) is 
obtained from tourism for that country. The effective sediment-stabilising seagrass Thalassia spp. is globally 
distributed (green circles, sourced from UNEP-WCMC & Short (2005)), and can be found alongside the sediment-
producing calcifying macroalgae Halimeda spp. (blue squares, sightings reported in peer reviewed literature). 

Natural foreshore nourishment by vegetation: sediment stabilisation and production 

Shallow inter- and sub-tidal foreshores of natural tropical sandy beaches are predominately 
composed of locally produced calcium carbonate (CaCO3) sediments. These carbonate 
sediments are biogenically produced and need to be continually captured and retained within 
the foreshore for a beach to resist erosion and remain stable, something that seagrass is 
extremely effectively at achieving.  
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With a newly developed portable flume, designed to be used in the field, the ability of different 
vegetation types (bare, vegetated with only calcifying macroalgae, sparse seagrass: 50% cover 
of T. testudinum, and dense seagrass: 100% cover of T. testudinum) to stabilise sediment was 
measured directly within Baie de L’Embouchure, St Martin (Caribbean). Regulating the speed 
of two motor-driven propellers allowed the flow velocity within the flume tunnel to be 
modified (see photo in Fig. 2a, and further methods in Appendix C1). The point at which the 
surface sediment began to move was recorded as the threshold shear velocity. We found that 
in bare areas and areas with only calcifying macroalgae, the coarse carbonate sediments 
(median grain size: 337 µm, SE = 33) that are present in these areas start eroding already at 
flow speeds caused by moderate breezes (i.e. a wind of 10 m s-1 can cause flow speeds of 0.2 
m s-1 within shallow areas (Hughes 1956)). However, where a sparse cover of seagrass is 
present, the sediment is finer (median grain size: 297 µm, SE = 17) as the protected seagrass 
canopy promotes fine grains to settle (De Boer 2007), but the flow required to erode the 
carbonate sediment doubles. And when T. testudinum seagrass cover is dense, the sediment is 
finer again (median grain size: 129 µm, SE = 7), but remains stable at flows stronger than 1.0 
m s-1 (Fig. 2a); the maximum flow velocity of the flume. These flume results were confirmed 
by the seven times longer retention time of stained sediment that was placed in dense seagrass 
beds as compared to bare areas, in a high unidirectional flow environment within Baie de 
L’Embouchure, and the four times higher retention time in a wave-exposed area (Fig. 2b).  

Although relatively few studies have directly measured the sediment stabilising effect of 
seagrass (Scoffin 1970; Widdows et al. 2008), the available literature widely supports our 
findings. For example, Christianen et al. (2013) found that even low density, heavily grazed 
seagrass meadows significantly reduce sediment erosion in Indonesia. A global review by 
Potouroglou et al. (2017) shows an average accretion rate of 5.33 mm year-1 occurring within 
seagrass meadows compared to adjacent unvegetated areas that experience an average erosion 
rate of 21.3 mm year-1. Seagrasses reduce erosion and cause sediment accretion by stabilising 
the sediment with their root-rhizome mat (Potouroglou et al. 2017), and by attenuating water 
flow and waves. Hansen & Reidenbach (2012) reported that dense seagrass canopies of Zostera 
marina can attenuate flow velocity by 70-90%, whereas Fonseca & Cahalan (1992) showed a 
wave energy reduction of 34-44% for four varying species of seagrass, including T. testudinum. 
Flow and wave attenuation cause sediment particles to settle and reduces their resuspension, 
while additionally, seagrass leaves can bend over the sediment surface, further stabilising the 
sediments. For a beach to remain stable over the long-term, however, a continuous supply of 
sediment is required to offset any erosion that occurs during storm events or from seaward 
currents that may transport unprotected sediment out of the beach system.  
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Fig. 2. Carbonate sediment is stabilised by seagrass, as indicated by measuring the critical threshold for bed-load 
transport with a field flume in contrasting vegetation types: bare, calcifying algae only, sparse Thalassia (50% 
cover of T. testudinum), dense Thalassia (100% cover of T. testudinum) (a). This was corroborated by measuring 
the retention time of stained sediments for contrasting vegetation types in the different physical environments (b): 
wave sheltered (mean wave height = 0.15 m, SE = 0.004, n = 370), unidirectional (mean flow rate = 0.15 m s-1, 
SE = 0.025, n = 18), and wave exposed (mean wave height = 0.22 m, SE = 0.005, n = 429). Bars represent means 
± SE (nsed.stab = 3, nsed.ret = 5) and black points indicate individual data points. Different letters above bars denote 
significant difference (p < 0.05), tested with Tukey HSD pair-wise comparisons. 

The breakdown and erosion of nearby coral reefs can provide a large contribution of sediment 
when the reefs are present (Chave et al. 1972; Hallock 1981). Another sediment contributor is 
calcifying macroalgae from the Halimedaceae family, which are composed of 70-90% CaCO3 
(van Tussenbroek & Van Dijk 2007). Because they grow directly within and adjacent to 
seagrass meadows on tropical beach foreshores, the sediment they produce is deposited where 
it is most valuable for providing a natural foreshore nourishment. This sediment production 
does vary significantly depending on the season, species and their abundance, however, the 
fast growth and rapid turn-over rates mean that the average sediment production reported for 
Halimeda spp. growing within seagrass meadows in the Pacific region is 337 gdwt CaCO3 m-2 
year-1 (SE = 70, n = 10) (Appendix C2; Garrigue 1991; Merten 1971; Payri 1988), and in 
Caribbean region, 166 gdwt CaCO3 m-2 year-1 (SE = 93, n = 8) (Appendix C2; Armstrong and 
Miller 1988; Freile 2004; Multer 1988; Neumann and Land 1975; van Tussenbroek and Van 
Dijk 2007; Wefer 1980). Although this average rate contributes less than 0.28 (Pacific) and 
0.15 mm (Caribbean) of sediment to the bed level per year (assuming a dry bulk density of 
1.08 g per cm3), the deposition of this CaCO3 occurs directly within the foreshore where 
seagrass is present. The algae-produced sediment is therefore immediately captured and 
retained within the beach foreshore ecosystem by the seagrass, thereby supplying a continuous 
and natural nourishment.  



Chapter 4 

 73 

Engineering and natural nourishment as contrasting management regimes  

We postulate engineering solutions and natural foreshore nourishment as contrasting 
management regimes, each having its own positive feedback (Fig. 3a). The engineered regime, 
where there is an unvegetated disturbed foreshore ecosystem with little or no biogenic sand 
production and highly mobile sediments. Such a regime results in a beach vulnerable to 
erosion, and therefore, requires regular engineering nourishments of the beach foreshore 
system to maintain its form. The alternative regime, a natural self-sustaining foreshore 
ecosystem with seagrass and calcifying macroalgae fronting a stable beach, which forms a self-
stabilising and self-nourishing system.  

The combined sediment-stabilisation by seagrass and sediment-production by calcifying algae 
yields a biologically-driven landscape with self-maintaining feedbacks. Specifically, by 
attenuating waves, preventing excessive erosion, and replenishing lost sediments, seagrass 
meadows and calcifying algae together create a self-reinforcing loop (Maxwell et al. 2017). 
Stable sediment has been shown to be a main requirement for the long-term persistence of 
seagrass meadows (Reise and Kohlus 2008; Christianen et al. 2014; Suykerbuyk et al. 2016), 
and in areas with fine sediment, can lead to a higher water transparency needed to sustain 
growth (van der Heide et al. 2007; Adams et al. 2018). This means that disruption of these self-
reinforcing feedbacks may result in rapid losses of the seagrass-algae community (Maxwell et 
al. 2017). That is, in beach foreshore systems without seagrasses and algae, the sediment 
surface is freely agitated by currents and waves, yielding highly mobile sediments (Widdows 
et al. 2008; Marbà et al. 2015). Such unstable sediment conditions make it very difficult for 
seagrasses and algae to (re-)establish (Williams 1990; Infantes et al. 2011; Balke et al. 2014; 
Suykerbuyk et al. 2016), and can increase turbidity levels if smaller sediment particles become 
suspended in the water column (van der Heide et al. 2007; Adams et al. 2018).  

Human engineering through frequent beach nourishments can increase the sand supply to such 
disturbed beach foreshore systems (Finkl and Walker 2005; Castelle et al. 2009; Stive et al. 
2013). However, these repeated nourishments smother establishing seagrasses and algae, and 
create an unstable sediment surface which is more likely to erode (Fig. 3a). Thus, although 
engineered nourishments may save the beach in the short term, it paradoxically may generate 
the necessity for recurrent beach nourishments in the long run (Trembanis and Pilkey 1998), 
creating an expensive and unsustainable management cycle in developing tropical regions 
(Silva et al. 2014).  

Examples of the two alternative management regimes and one in transition, are found along 
the coast of Mexico (see map in Appendix C1). In coastal areas where seagrass and calcifying 
macroalgae dominate the system, beach shore profiles conducted from 2008 to 2012 (methods 
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detailed in Appendix C1) are stable (Fig. 3b). In contrast, areas devoid of these species are 
typified by continuous erosion, which persists after engineered nourishments (Fig. 3d). A 
transition between these contrasting management regimes is observed in a third area. Here, 
extensive seagrass meadows of T. testudinum disappeared from the first 60 meters of the 
foreshore in 2015 due to a large brown tide of drifting Sargassum spp. (van Tussenbroek et al. 
2017). As a result of these losses, beach profiles taken in 2007 and 2017 show the beach 
foreshore experienced strong vertical erosion, up to 0.4 m in some areas (Fig. 3c). However, a 
small area of the beach foreshore where seagrass was not lost, experienced only minor erosion 
and remained relatively stable (Fig. 3c). Overall these examples impressively illustrate the 
effectiveness of vegetated foreshore ecosystems for maintaining stable beaches and shorelines. 

Fig. 3. Contrasting self-reinforcing feedbacks drive the alternative beach management regimes as schematised in 
(a). The natural beach is driven by seagrass stabilising the sediment, which encourages further ecosystem 
development. Whereas the system devoid of vegetation has increasingly mobile sediment, discouraging the 
growth of vegetation and leading to an unstable beach system, requiring engineering which further contributes to 
sediment mobility and erosion. These types of beach regimes can be seen in examples from the coastline of 
Mexico (map in S1). Regular beach profiles taken from two transects at the natural beach of Puerto Morelos from 
June 2008 (dashed lines) to May 2012 (solid line) show that this relatively undisturbed beach with extensive 
seagrass-calcifying algae meadows has remained stable over many years (b). While beach profiles at Mirador 
Nizuc in 2007 (dashed line) and June 2017 (solid line) show that the beach had significant erosion after a 
Sargassum brown tide that persisted from July 2015 to May 2016 resulted in the loss of seagrass (c, upper graph), 
however in an area of the same beach where seagrass persisted, very little erosion occurred (c, lower graph). 
While Cancun has no natural reef or seagrass meadows and development along the sand dunes has led to constant 
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beach erosion, a sand nourishment in 2010 helped to restore the beach, but this continues to erode (d). Elevations 
are relative to mean sea level. (Thalassia illustration sourced from IAN image library (Saxby 2019)). 

Implications & challenges for future management of tropical beaches 

To create stable long-term management solutions for tropical beaches, beach management 
would benefit from shifting away from frequent engineered nourishments and hard structures, 
towards maintenance by natural ecosystems. With current insights, anthropogenic use of 
beaches could be designed to halt and reverse current decline of natural foreshore ecosystems. 
Tropical seagrass and Halimeda spp. usually co-occur and can be found in tropical sandy 
regions all around the world (Fig. 1d; Green and Short 2003; UNEP-WCMC and Short 2005), 
so there is widespread potential to restore these systems (Orth et al. 2006) to create a natural, 
self-sustaining beach management regime. 

Conservation of areas where natural foreshore vegetation still persists will help to minimise 
the stressors imposed on foreshore ecosystems, maximising their ability to protect beaches 
against erosion. Where foreshore vegetation has become degraded, an effort to protect what 
remains and to restore the ecosystem to a healthy self-reinforcing state may be necessary to 
implement effective natural beach management regimes. Preserving and restoring foreshore 
vegetation that still exists is especially important as climate-driven disturbance events - such 
as extreme wave action, cyclones (Saunders and Lea 2008), and the occurrence of brown tides 
from Sargassum spp. drifts (van Tussenbroek et al. 2017) become more frequent with rising 
global temperatures. As climate-driven factors are hard to manage at a local scale, management 
should primarily aim at reducing local human-induced impacts (Scheffer et al. 2001). Local 
impacts, like greater turbidity (Orth et al. 2006), nutrient enrichment and pollution (Kemp et 
al. 2005), physical damage to seagrass meadows from trampling and boat anchoring (Eckrich 
and Holmquist 2000), and modification of natural sediment transport and increased wave 
reflection caused by the construction of hard structures (Defeo et al. 2009; Ruiz-Martínez et 
al. 2015; Luijendijk et al. 2018), are all intensifying as coastlines develop further. The 
installation of sewage treatment plants and limiting construction of hard structures along the 
coast are the most obvious steps to help protect and restore natural foreshore vegetation. 
Another is to limit accessibility of people to vulnerable areas, and provide boat anchoring 
facilities outside regions of vegetation. Ensuring coral reefs remain in abundance and their 
sediment input to tropical beaches persists, would also improve the prospects of tropical 
beaches to keep up with sea level rise. 

Given that the engineering management regime of a disturbed beach is self-reinforced by a 
feedback that maintains sediment instability (Fig. 3a), it will be difficult to induce a transition 
to the natural beach systems in areas where engineering management regimes already take 
place and/or vegetation has been completely lost. Developing ways to stimulate natural 
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vegetation development may be necessary, such as utilising temporary structures that protect 
establishing seagrass and calcifying macroalgae, until they grow to a point that they can self-
stabilise the sediment (Suykerbuyk et al. 2016; van Katwijk et al. 2016). Engineered 
nourishments will need to either cease, or be modified to ensure that any added sediment 
encourages the growth of the natural ecosystem rather than smothers it (Cheong et al. 2013). 
This may be achieved by using methods that give a gradual sediment flux, like the sand engine 
in The Netherlands (Stive et al. 2013), or by using smaller doses of sediment.  

It is imperative that we recognise the benefits of a vegetated foreshore ecosystem in preventing 
beach erosion, and thus increase the resistance of coastal areas to storm surges and flooding. 
Switching disturbed beach systems to natural self-sustaining ecosystems for coastal defence 
will require financial investments (e.g. from the World Bank, in the context of climate 
adaptation (Secretary-General 2016; World Bank 2017)), development of effective restoration 
methods, as well as altered governance. Only a collaborative approach of many stakeholders 
will ensure both economic and ecological benefits. This will require interdisciplinary 
collaboration between economists focusing on tourism, ecologists focusing on ecosystem 
functioning and natural values, engineers focusing on physical processes and design measures, 
and sociologists focusing on governance processes and public support. With this paper, we aim 
to provide an alternative beach management regime to traditional engineering solutions, by 
highlighting the viable and self-sustaining capacity of vegetated beach foreshore ecosystem in 
preventing erosion. Utilising an effective natural solution to coastal erosion will help to 
increase the resilience of tropical coastal areas to climate change in a sustainable way.  
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Appendix C 

Appendix C1. Detailed methods for the study within the manuscript ‘Maintaining tropical 
beaches with seagrass and algae: a promising alternative to engineering solutions’. 

Data collection for global map 

The percentage of GDP obtained from tourism per country was calculated as the 2015 
International tourism receipts (data obtained from World Tourism Organization, UNWTO) 
(UNWTO 2016) divided by the 2015 GDP of the country (data obtained from the World Bank 
(World Bank 2015). The data for the global distribution of seagrass and Thalassia spp. were 
obtained from UNEP-WCMC’s Global distribution of seagrasses (Green and Short 2003; 
UNEP-WCMC and Short 2005). The distribution of Halimeda spp. was collated by conducting 
a literature search using the web of science database with the search term ‘Halimeda’. All peer-
reviewed articles that gave the location of Halimeda spp. were included in the distribution list. 
ArcGIS® ArcMap™ 10.1 was used to overlay the distribution coordinates and percentages of 
GDP from tourism onto a global map. 

Directly measuring sediment stabilisation by marine vegetation 

The ability of different vegetation types to stabilise the sediment was measured with a field 
flume composed of two motor-driven propellers, and a clear Perspex tunnel (photo in Fig. 2b). 
Power to the propellers was supplied via an onshore battery, and the speed of the propellers 
was regulated onshore with an electronic control box. The unidirectional flow through the 
tunnel could be increased up to a speed of 100 cm s-1. The flow velocity within the field flume 
tunnel was continuously measured with a Nortek AS© Vectrino Field Probe suspended within 
the flume tunnel. The field flume was placed over four different vegetation types: bare (no 
vegetation), algae-only (sparse Halimeda), sparse seagrass (<50% T. testudinum cover), and 
dense seagrass (90-100% T. testudinum cover). Three replicates of each vegetation type were 
conducted; each time moving the flume to a new undisturbed patch and conducting duplicate 
flume runs on each patch. Visual observations of sediment movement were performed, and the 
critical threshold for bed-load transport was the velocity at which sediment grains situated 
beneath the Vectrino moved more than 5 mm along the bed surface, measured against a scale 
marked on the tunnel. At each position, vegetation cover was visually estimated within a 30 x 
30 cm quadrat, and photo quadrats were taken for verification. All positions for the flume runs 
were within a 10 m2 area at 30-60 cm depth.  

Sediment retention time was measured by staining sediment collected from Baie de 
L’Embouchure for 24 hours in a concentrated solution of Alizarin-Red. Once the sediment was 
sufficiently stained to a pink colour, 50 mL samples of the stained sediment were placed at five 
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places within each of the vegetation types explained above in an exposed, sheltered and 
unidirectional area of the bay. Stained sediment was placed in each location within one hour 
from each other, the locations were marked with a 3 mm metal rod and tagging tape, and the 
presence or absence of the stained sediment was visually monitored over seven days by re-
visiting the sediment at increasing intervals (4 h, 8 h, 21 h, 28 h, 48 h, and at 24 h intervals 
until 168 h). The absence of stained sediment was determined once all stained sediment could 
no longer be visually identified within 10 cm of where it was originally placed. Retention time 
was determined to be the last time point in which the sediment was visually identified, and an 
average from the five replicates within each vegetation type was calculated.  

A one-way ANOVA was used to test the difference between the sediment stabilization ability 
of the different vegetation types, and a two-way ANOVA to test the effect of vegetation and 
water motion on the retention time of sediment. Tukey HSD pairwise comparisons were 
conducted as post-hoc tests. All data was examined for homoscedasticity and normality, and 
passed these assumptions. A p-value less than 0.05 was considered significant. All statistical 
analyses were conducted with R version 3.4.3 (R Core Team 2017).  

Time-series of different beach types 

Beach profiles were conducted at three neighbouring sandy beaches in Quintana Roo, Mexico 
(Appendix C1 Fig. 1) with varying management strategies: Cancun (disturbed, with engineered 
nourishments), Mirador Nizuc (recent partial seagrass loss), and Puerto Morelos (natural 
undisturbed beach with seagrass). At Mirador Nizuc, transects were established in 2007, with 
the initiating point at the seaward point of where dune vegetation ended (0 m). Beach profiles 
were taken with a theodolite (Grome model NL32, SD for 1km =1.5mm), from fixed points, 
and fixed direction at 5 m intervals. Depth measurements were determined with a leaded 
measuring tape at 5 m intervals and are relative to mean sea level. These measurements were 
repeated in 2017 at the same positions. In 2017, it was observed that the shoreline had changed 
due to erosion and there was accumulation of organic material (dead seagrass and Sargassum 
spp) in front of the beach.  

At Cancun and Puerto Morelos, beach profiles with a 20 m along beach resolution were made 
with dGPS, every 3-4 months from 2008 to 2012, and every subsequent year. Elevations are 
relative to mean sea level, estimated with the ellipsoidal height equivalent reported by the 
Federal Electricity Commission at the site.  
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Appendix C1, Fig. 1. Map displaying the locations of the example beach systems in Quintana 
Roo, Mexico 
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Appendix C2. Calcium carbonate production rates of Halimeda spp.(calcifying algae) 
obtained from a literature search. 
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Chapter 5: 

Tropical biogeomorphic seagrass landscapes for 
coastal protection: persistence and wave 

attenuation during major storm events 

Ecosystems (2020) 

James RK, Lynch A, Herman PMJ, van Katwijk MM, van Tussenbroek BI, SCENES 
team, Bouma TJ 

Abstract  

The intensity of major storm events generated within the Atlantic Basin is projected to rise 

with the warming of the oceans, which is likely to exacerbate coastal erosion. Nature-based 

flood defence has been proposed as a sustainable and effective solution to protect coastlines. 

However, the ability of natural ecosystems to withstand major storms like tropical hurricanes 

has yet to be thoroughly tested. Seagrass meadows both stabilise sediment and attenuate waves, 

providing effective coastal protection services for sandy beaches. To examine the tolerance of 

Caribbean seagrass meadows to extreme storm events, and to investigate the extent of 

protection they deliver to beaches, we employed a combination of field surveys, biomechanical 

measurements and wave modelling simulations. Field surveys of seagrass meadows before and 

after a direct hit by the category 5 Hurricane Irma documented that established seagrass 

meadows of Thalassia testudinum remained unaltered after the extreme storm event. The 

flexible leaves and thalli of seagrass and calcifying macroalgae inhabiting the meadows were 

shown to sustain the wave forces that they are likely to experience during hurricanes. In 

addition, the seagrass canopy and the complex biogeomorphic landscape built by the seagrass 

meadows combine to significantly dissipate extreme wave forces, ensuring that erosion is 

minimised within sandy beach foreshores. The persistence of the Caribbean seagrass meadows 

and their coastal protection services during extreme storm events ensures that a stable coastal 

ecosystem and beach foreshore is maintained in tropical regions.  
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Introduction 

The frequency of extreme tropical storm events (Cat. 4 & 5 hurricanes) within the North 

Atlantic is projected to increase with rising sea surface temperatures (Webster et al. 2005; 

Bender et al. 2010; Knutson et al. 2010, 2013). Enhanced storm activity occurs when the 

atmosphere becomes destabilised, as a result of the additional energy provided by the warmer 

sea surface (Smith et al. 2010). Between 1996 and 2005, the estimated hurricane frequency 

within the Atlantic basin was 40-70% above the long-term mean activity since 1950 (Saunders 

and Lea 2008). Although a lack of historical records makes it uncertain whether this increase 

in frequency is due to warmer sea surface temperatures from global warming or due to the 

natural multi-decadal variability observed within the North Atlantic (Lighthill et al. 1994; 

Klotzbach and Gray 2008; Knutson et al. 2013), it is clear that the frequency of more extreme 

hurricane events is increasing within the Atlantic-Caribbean region (Saunders and Lea 2008). 

Ensuring that tropical coastlines can resist major storms, including hurricanes, is vital for the 

continued existence of communities living within these regions. Nature-based flood defence 

has been proposed as a sustainable and effective solution to protect coastlines (Temmerman et 

al. 2013b; Morris et al. 2018; James et al. 2019b), however, their ability to withstand major 

storms like tropical hurricanes has yet to be thoroughly tested.  

Caribbean coastal ecosystems are characterised by fringing coral reefs that act as surf breaks 

(Ferrario et al. 2014) and create a sheltered environment behind them. These sheltered regions 

fill in with sand, creating lagoons and bays where seagrass can flourish (Saunders et al. 2014). 

Seagrass meadows and coral reefs are interconnected, both biologically (Nagelkerken and van 

der Velde 2003; Unsworth et al. 2008) and physically (Gillis et al. 2014, 2017). In addition to 

being important for biodiversity and fisheries, coral reefs and seagrass meadows provide 

important coastal protection services (Bouma et al. 2014; Ondiviela et al. 2014; Saunders et al. 

2014; Paul 2018; James et al. 2019b). Coral reefs are a first line of defence, reducing the size 

of waves entering the bays and lagoons (Saunders et al. 2014). Seagrass meadows form a 

second line of defence, reducing the size of waves reaching the beaches, and thereby reducing 

beach erosion (Ondiviela et al. 2014; James et al. 2019b). This protective value of seagrass 

originates both directly from the vegetation’s properties as well as from the biogeomorphic 

bathymetry the seagrass builds. 

The flexible leaves of the seagrasses attenuate currents and waves (Bouma et al. 2005; Bradley 

and Houser 2009; Paul and Amos 2011), thereby enhancing the settlement of sediment and 

inhibiting erosion (Scoffin 1970; Koch and Gust 1999; Koch et al. 2006; Hendriks et al. 2008, 

2010; Peralta et al. 2008; Potouroglou et al. 2017). Seagrass meadows further stabilise the 

captured sediment via their dense rhizome-root mat (Christianen et al. 2013). Overall, this 

results in biogeomorphic landscapes, where sediment is captured and stabilised within the 
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beach foreshore (James et al. 2019b). A complex bathymetry of raised seagrass meadows and 

cliffs can form where seagrass have continued to capture and retain sediment for long periods 

(see photo in Fig. 2e). Waves get refracted around the topography, and shoaling occurs as the 

waves propagate into the shallower regions (Paul and Amos 2011). This dispersion of the 

waves reduces the orbital flow velocity, and thereby, dissipates the wave energy reaching the 

shoreline. The attenuation of waves and currents by the seagrass leaves, the capture and 

stabilisation of sediment, and the resulting creation of a complex bathymetry, together provide 

the crucial coastal protection service to tropical beaches (Hendriks et al. 2010; Christianen et 

al. 2013; James et al. 2019b).  

Major tropical storms and hurricanes, produce extreme hydrodynamic forces. The powerful 

winds generate large waves and strong currents, while storm surges raise the water level, 

enabling bigger waves to reach the shoreline (Rodríguez et al. 1994). Seagrass and calcifying 

algae can be uprooted when sediment erodes around the roots and rhizoids (Ball et al. 1967; 

Preen et al. 1995; Fourqurean and Rutten 2004), while massive defoliation can occur as the 

leaves and thalli of the seagrass and algae break from the extreme drag forces of the waves 

(Pérez and Galindo 2000). Movement of large quantities of sediment can also drastically alter 

the bathymetry (Ball et al. 1967; Rodríguez et al. 1994). Studies that have examined the direct 

effects of extreme storms on seagrass meadows show variable responses, with some meadows 

displaying limited damage (Ball et al. 1967; Steward et al. 2006; Anton et al. 2009; van 

Tussenbroek et al. 2014), others having a mixed and often species-specific response (Ball et 

al. 1967; Whitfield et al. 2002; Fourqurean and Rutten 2004; Cruz-Palacios and van 

Tussenbroek 2005), while some meadows have been extensively damaged (Rodríguez et al. 

1994; Preen et al. 1995). 

A direct response to hurricane forces was observed within seagrass meadows in the Florida 

Keys after a category 2 hurricane passed in 1998. Syringodium filiforme coverage was reduced 

by 19%, whereas the strong, deep root network of Thalassia testudinum allowed it to persist 

through the extreme hydrodynamic conditions, only experiencing a 3% loss in the leaf biomass 

(Fourqurean and Rutten 2004). In the Mexican Caribbean, category 4 hurricane Wilma (which 

lasted 72 h) caused sediment to be deposited along a 5-10 m wide coastal fringe extending 

along a 20 km stretch of the coastline, which suffocated seagrass communities (van 

Tussenbroek, Unpubl. Data, van Tussenbroek et al. 2008, 2014). Outside of the Atlantic 

hurricane region, extreme waves and currents from a category 2 storm in Queensland, 

Australia, caused seagrass meadows of shallow-rooted Halophila spp. to be uprooted from 

shallow areas (Preen et al. 1995). More damaging, however, were the persistent river plumes 

that limited light for an extended period causing massive seagrass dieback (Preen et al. 1995).  
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Whereas many studies have examined the response of seagrass meadows to hurricanes, none 

have yet questioned if biogeomorphic seagrass landscapes continue to provide their vital 

coastal protection services during and following such extreme storm events. Hydrodynamic 

measurements within the coastal zone during extreme storms are limited (Silva-Casarín et al. 

2009), with the unpredictability of hurricanes making it difficult to set up equipment in the 

right location at the right time and existing equipment is often overwhelmed. This lack of data 

limits our ability to understand the vulnerability or resistance of coastal ecosystems to extreme 

storm events. Morphodynamic wave models allow the incorporation of multiple processes, 

including geodynamics, hydrodynamics, and ecological parameters (Roelvink et al. 2009; 

Ruiz-Martínez et al. 2015; Gracia et al. 2016; van Rooijen et al. 2016). With measurements 

taken under normal, calm conditions, such comprehensive models can be used to explore the 

extreme forces that occur during a storm (Roelvink et al. 2009; Gracia et al. 2016). One of 

these models is the morphodynamic wave model XBeach (Roelvink et al. 2009). With this 

model, one can study the propagation of extreme hydrodynamic forces over a known coral reef 

and seagrass ecosystem, while also distinguishing the relative contribution to wave dissipation 

from vegetation and bathymetry, respectively. 

In 2017, the Eastern Caribbean experienced one of its most active and destructive storm 

seasons since 1970 (Klotzbach and Bell 2017). The category 5 Hurricane Irma caused major 

devastation on Saint Martin, an island in the Leeward chain of the Caribbean, when it made 

direct landfall in September in that year. This was closely followed by tropical storm-force 

winds from Hurricane Jose and subsequently the Category 5 Hurricane Maria passing just 

south of the island. To examine the response of the seagrass communities, and the influence of 

the seagrass biogeomorphic landscape on wave propagation during storm events, we (1) 

evaluated the effect of the intense hurricane season of 2017 on three seagrass meadows in 

differing hydrodynamic settings at Saint Martin, comparing community surveys and 

bathymetry before and after the storm season, (2) measured biomechanical properties of the 

above-ground biomass of  dominant seagrass and calcifying macroalgae to assess the physical 

thresholds of the meadows, and (3) evaluated the dissipative potential of the meadows during 

the hurricane using the morphodynamic wave model, XBeach, forced with in situ wave 

measurements during calm conditions and configured with the bathymetry of one of the sites. 

Using XBeach, we systematically assessed the contribution of the seagrass canopy and the 

biogeomorphic landscape-structures formed by the seagrass meadow. With this research, we 

aim to enhance current understanding of how Caribbean seagrass meadows tolerate extreme 

hydrodynamic conditions during these extreme storm events, and to what extent they can 

continue to provide important coastal protection services to the beaches they front. 
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Methods 

Site description 

Between October 2015 and March 2016, a monitoring campaign was conducted at three sites 

on the Eastern coastline of Saint Martin, Caribbean, located within the Leeward island chain 

(Fig. 1). The three neighbouring sites were selected because they exhibited contrasting 

hydrodynamic regimes: wave-sheltered (Baie de L’Embouchure), wave-exposed (Orient 

Bay) and unidirectional flow (Islets de L’embouchure). A fringing coral reef extends along 

the eastern edge of all three sites, sheltering the sites from the largest waves that come 

directly from the Atlantic Ocean. A peninsula provides a wave-sheltered environment at the 

site within Baie de L’Embouchure, and the positioning of two islets create an area with 

strong unidirectional flow at the site at Islets de L’embouchure (Fig. 1). Extensive seagrass 

meadows of Thalassia testudinum and Syringodium filiforme, interspersed with calcifying 

macroalgae from the Halimedaceae and Udoteaceae family, are present at all sites.  

September 2017 was one of the most active and destructive hurricane seasons in the Leeward 

Islands in recorded history (van Dijken 2011), with the eye of Category 5 Hurricane Irma 

passing directly over Saint Martin, followed a week later by Category 5 Hurricane Maria 

passing 200 miles south of the island. Local tidal gauges were non-functional during the 

storms, but hydrodynamic models estimate that at its peak, Hurricane Irma generated a sea-

surface height anomaly of 0.8 m and significant wave heights of up to 10 m in the region 

offshore of Saint Martin (Candy 2017; Kuznetsova et al. 2019). Six months after Hurricane 

Irma and Maria, in March 2018, the three study sites were revisited and community surveys 

and depth profiles along pre-existing transects were repeated to examine whether the strong 

hurricane season had left any long-lasting effects on the seagrass ecosystems.  

Site measurements 

Saint Martin has a tidal range of less than 30 cm, and all measurements were conducted in 

the subtidal zone in areas shallower than 2 meters. Fixed transects measuring 90 m long and 

2 m wide were established at least 20-30 m away from the shoreline and extended across the 

main area of the seagrass meadow (Fig. 1).  

Sediment: Triplicate sediment samples were collected in 50 mL sampling containers from each 

site, both within the centre of the seagrass meadow and adjacent to the meadow in an 

unvegetated patch to assess the sediment grain size distribution. Sediment samples were freeze-

dried and sieved through a 1 mm sieve. Sediment larger than 1 mm was weighed, while the 

remaining sediment grain size distribution was measured by laser diffraction on a Malvern 

Mastersizer 2000 (McCave et al. 1986). The size of coral rubble pieces that exist in large 
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quantities between the coral reef and the offshore boundary of the seagrass meadow were 

manually measured. A 30 x 30 cm quadrat was haphazardly placed within the area of coral 

rubble and the diameter of pieces on the surface were measured with a ruler.  

 

Fig. 1. Map of the Caribbean island of Saint Martin, displaying the location of the three study sites with 
contrasting hydrodynamic regimes (exposed, sheltered and unidirectional) on the eastern coast of the island. 
Transects (white shaded area) were established at the study sites, and were used for the community surveys and 
other site measurements, before and after the hurricane Irma in 2017. Satellite images obtained from IGN 
(2019). 

Hydrodynamic forcing: Hydrodynamic forcing at each site was measured on six randomly 

chosen days from September-December 2015 with typical average wind conditions. Five 

self-logging pressure sensors (Wave gauge: OSSI-10-003C, Ocean Sensor Systems, Coral 

Springs, USA; accuracy ± 0.05% FS, resolution 0.0033% FS) were placed along fixed 

transects: three within the main seagrass meadow, one in an unvegetated patch in front of the 

meadow and one near the bay entrance 20 m seaward of the transect. The gauges were placed 

at a height of 0.1 m above the seafloor, and recorded pressure at 5Hz in 7-minute bursts every 

15 minutes. In total, 100-150 bursts were recorded at each gauge deployment location. 

Spectral analysis was performed on the pressure time series to obtain wave parameters, such 

as significant wave height and mean wave period.  
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Community surveys: Community surveys were conducted at each of the three sites (Fig. 1) 

along the 90 m transects in October 2015 and March 2018. Sixty quadrats (0.3 x 0.3 m) were 

placed along the transects at predetermined random distances. A new set of random sampling 

positions were chosen for each new community survey. Percentage cover of the taxa present 

in each quadrat was estimated by trained researchers. Photographs were taken at each quadrat 

position, to verify the estimated cover. The depth at each quadrat was measured and visually 

wave-averaged, giving an accuracy of ± 0.2 m. As the quadrat positions differed between 

survey years, the depth measurements were not conducted at the exact same points, but were 

within 0.5 m from each other.  

For further analysis, species groups were formed that distinguish the main functional groups 

at the study sites. Calcifying algae (Halimeda incrassata, Halimeda monile, Penicillus 
capitatus and Udotea flabellum) were grouped together, while the two dominant seagrass 

species (T. testudinum and S. filiforme) were kept separate. The two seagrass species 

represent different successional levels in the community, with T. testudinum being a late 

successional seagrass species, which typically succeeds the colonising species, S. filiforme 
(Williams 1990).  

Morphodynamic wave model 

XBeach (v1.23, Deltares; Roelvink et al. 2009) was used to examine wave propagation over a 

fringing coral reef and seagrass meadow up to a sandy beach in both calm and hurricane 

conditions. The sheltered site in Baie de L’Embouchure was used as a case-study (Fig. 2). 

Three scenarios were run for each hydrodynamic forcing to examine the influence of the 

seagrass canopy and biogeomorphic bathymetry on the wave propagation within the bay. The 

scenarios were: (1) a smoothed transect that represents a scenario with no biogeomorphic 

landscape (Fig. 2a), (2) a defoliated meadow consisting of the biogeomorphic bathymetry of 

the seagrass meadow but without the seagrass vegetation (Fig. 2b), and (3) a full seagrass 

meadow with the biogeomorphic bathymetry and seagrass blades (Fig. 2c).  
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Fig. 2. Transects of the three scenarios used within the XBeach simulations: smoothed bathymetry (a), 
biogeomorphic bathymetry (b) and the present-day scenario with the complete seagrass meadow (c). The different 
grain sizes are indicated as coarse sand (wide diagonal line pattern), coral rubble (cross-hatch pattern), fine sand 
(fine diagonal line pattern) and carbonate reef (dark grey shading). The orange portion of the depth profile 
indicates the location of the coral reef and the green shading indicates the seagrass meadow. Satellite image (d) 
shows the position of the transect within Baie de L’Embouchure (white line) and position of the wave 
measurements (yellow circles). This transect passed over a large raised (~0.4 m) seagrass meadow that is 
photographed in (e).  

Model setup: XBeach is a depth-averaged, process-based numerical model that simulates the 

hydrodynamic processes of short and long wave transformation and propagation across near-

shore environments. Numerical simulations were performed with XBeach configured in a one-

dimensional mode, along a cross-shore transect one grid cell wide. The ‘surfbeat’ mode was 

used, which was shown by van Rooijen et al. (2016) to accurately predict wave reduction by 

vegetation without detailed calibration, and is recommended when the focus is on swash zone 

processes rather than time-averaged currents and setup. Simulations were run for 10 hours of 

wave attack and 40 hours of morphodynamics, with an average hydrodynamic time step of 

0.008s. The 40-hour period was approximately the duration of the peak hydrodynamic impact 

of Hurricane Irma on Saint Martin on September 6, 2017. All used model parameters can be 

found in Appendix D1. For a more extensive model description and formulations of XBeach, 

we refer to Roelvink et al. (2009). 
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Transect setting: The transect which forms the model domain was drawn from Baie de 

L’Embouchure, across a prominent raised seagrass meadow and the fringing coral reef out to 

approximately 1 km from shore (Fig. 2d). This transect was positioned to capture the typical 

cross-shore depth profile, while also coinciding with the locations of the wave measurements 

and community surveys conducted in 2015 and 2018. In 2016, the bathymetry of the study area 

was measured using dGPS with a Trimble® R8 Rover and base station (Trimble Inc, 

Sunnyvale, USA; accuracy ± 5 mm). Reefnet© Sensus Ultra pressure sensors (Reefnet Inc, 

Ontario, Canada; accuracy ± 30 cm) were deployed within the bay at two locations for two 

months to determine the average sea-level within the bay, and depth measurements were 

corrected to give the depth at the average sea-level. A bathymetry map was created by 

interpolation of the measured depths onto an irregular grid using Delft3D pre-processing tools 

RGFGRID and QUICKIN (Deltares 2017), from which the transect profile was extracted. The 

smoothed transect represented an idealised beach foreshore with no seagrass biogeomorphic 

landscape and was generated by linearly interpolating a bottom profile from the entrance of 

Galion Bay (cross-shore distance = 230 m) up to the shoreline, starting at a depth of 2 m; which 

was the deepest measurement along the natural transect (Fig. 2a).  

A variable resolution grid was designed to maximise the resolution in particular areas of 

interest while minimising computational demands. The grid had a resolution of approximately 

1.5 m at the offshore boundary, 0.5 m across the coral reef and 0.15 m from the reef to the 

shoreline. Three sediment fractions are defined along the transect (coral rubble, bare sand, and 

sand within seagrass meadow), corresponding to their cross-shore location and presence or 

absence of seagrasses (Fig. 2). The sediment sizes were determined from the sediment grain 

size measurements taken at the study site, as detailed in the site measurements, and are reported 

in Appendix D1. 

Vegetation parameters: Short wave dissipation by vegetation is implemented in XBeach as a 

drag force, calculated as a function of the local wave height and the characteristics of 

vegetation; height above the seafloor, leaf diameter, a bulk drag coefficient (CD), and density 

(van Rooijen et al. 2016). The effect of vegetation on wave propagation is included within 

XBeach, by implementing formulations that take into account vegetation-induced sea-swell 

wave attenuation, infragravity wave attenuation, mean flow reduction, and mean water level 

effects (van Rooijen et al. 2016). Vegetation is modelled as rigid cylinders that exert a force 

on the fluid, as described by Morison et al. (1950). The use of rigid cylinders ignores the 

swaying motion of flexible vegetation, but for a certain range of conditions, and once the 

correct deflected height and bulk drag coefficient is chosen, it has been shown that flexible 

vegetation acts similarly to rigid plants (Dijkstra and Uittenbogaard 2010). Although the 

canopy of dominant T. testudinum is up to 0.3 m tall, the deflected height is approximately 

0.03 m, as measured in the bending experiments described above. This deflected height of 0.03 
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m and a blade width of 0.01 m (measured during the biomechanical testing) were used as the 

T. testudinum parameters in the XBeach simulations (Appendix D1.).  

The bulk drag coefficient (CD) is an expression for the dissipation of wave energy and force 

exerted by the fluid on the entire seagrass meadow (Mendez and Losada 2004; Bradley and 

Houser 2009; Sánchez-González et al. 2011; Pinsky et al. 2013). This differs from the drag 

coefficient which classically examines just a single plant. It is difficult to determine the CD for 

flexible vegetation as it cannot be directly measured in the field and varies greatly in the natural 

situation (Mendez and Losada 2004; Bradley and Houser 2009; Ozeren et al. 2014). The CD is 

therefore generally estimated or used for calibration in hydrodynamic models (Baptist et al. 

2007). Pinsky and others (2013) calculated the CD of seagrass meadows using published data 

and displayed that seagrass meadows can exhibit CD ranging from 0.46 up to 4.87.  Given the 

large range of potential CD for seagrass meadows, we calibrated the CD against our wave 

measurements from the site. To acknowledge the large variations in CD values, we have also 

included a wave propagation model simulation for CD = 0.4 within Appendix D2, which 

demonstrates the sensitivity of the wave propagation model to this parameter. 

Distribution of seagrass along the transect was inferred from the community surveys as 

described above, and from satellite imagery. The shoot density of well-developed T. 
testudinum meadows was calculated from 30 x 30 cm quadrats placed at random within the 

study area, giving a density of 1000 shoots m-2.  

Boundary forcings: For calm conditions, the wave model was forced on the offshore boundary 

with a wave-energy spectra derived from the NOAA WAVEWATCH III® model (Tolman 

2009). Average significant wave height, direction and period were extracted in the region 

offshore of Saint Martin. Simulated propagation of waves in calm conditions into Baie de 

L’Embouchure is validated against the wave gauge measurements that have been described 

above.  

For the hurricane simulations, offshore wave parameters and the storm surge level during 

Hurricane Irma were obtained from Caribbean Watch (Candy 2017), which infers ocean 

conditions in the Caribbean sea from the Mercator Ocean reanalysis dataset. No measured data 

from within the bay were available for verification of the wave propagation during the storm, 

nor was data available from the tidal gauge at Marigot, on the western side of Saint Martin, to 

validate the storm surge at the coast. We can therefore not be certain that our simulations 

directly reflect the conditions within the bay during Hurricane Irma, however, the depth at the 

offshore boundary was max. 5 m, which is too shallow to support larger waves than what were 

simulated in this study. We are, therefore, confident that the simulations represent an extreme 

tropical storm event for the region studied.    
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Analysis: Fit functions were fit to the simulated Hrms significant wave heights across the first 

150 m of the seagrass meadow (from 672-882 m in the cross-shore), where the majority of the 

wave dampening by the seagrass meadow occurred. The equations from these fits were used 

to assess the different rates of wave decay between the three bathymetric scenarios. When wave 

decay was present, an exponential function was fit (! = #$!"), otherwise a linear fit was used. 

95% confidence intervals for the simulated Hrms and Urms were calculated from the 37 time 

steps, after data was tested for normality and passed this assumption.  

Biomechanical properties of vegetation 

Vegetation collection: Fifteen shoots of the seagrass T. testudinum, and thalli of the calcifying 

macroalgae H. monile, H. incrassata and P. capitatus were collected from Saint Martin in April 

2016. They were left overnight in seawater bubbled with air, then wrapped in moist paper 

towels and transported by plane to NIOZ-Yerseke in The Netherlands (total travel time was 12 

hours). The shoots and thalli were placed in a heated seawater tank set to 25°C, bubbled 

continuously with air with 12 h d-1 light (550 µmol m-2 s-1 Photosynthetic Active Radiation; 

PAR). The seagrass and calcifying macroalgae were left for 24 h to recover from the transport.  

Drag forces and bending angles: Drag forces experienced by the seagrass T. testudinum, and 

the calcifying macroalgae H. monile, H. incrassata and P. capitatus were measured following 

the methods of Bouma et al. (2005). Drag was considered as the force exerted on the base of 

the shoot or thallus, and was measured at flow velocities in 0.1 m s-1 increments from 0 to 0.5 

m s-1 in a unidirectional racetrack flume. Drag measurements were replicated at least 15 times 

for each species, with each replicate being conducted on a new individual. The roots and 

rhizomes were removed and the individuals were attached at the base of their stem/thallus to a 

force transducer developed by WL|Delft Hydraulics (Delft, The Netherlands; for details see 

Bouma et al. 2005). Special care was made when attaching the individuals to ensure that there 

was no sideways movement of the individual in the clamp. The widest surface of the 

individuals was positioned perpendicular to the current, the natural positioning of the 

individuals in situ. Voltage readings from the force transducer were logged with Delft-Measure 

(Deltares) at 10 Hz and measured over a one-minute period at each velocity. The mean voltage 

readings were calculated and used for further analysis. Calibration was done in analogy to 

Stewart (2004), and voltage readings were converted to Newtons (N).  

Photographs were taken of the individuals at each flow velocity to calculate the bending angles. 

Using Image J (Schneider et al. 2012), the bending angle from the base of the stem to the most 

outward part of the thallus was measured. The change in bending angle from the starting 

position was calculated and used for further data analysis. Additionally, the total height of T. 
testudinum when bending at a flow velocity of 0.3 m s-1 was measured from the photos for use 

in the XBeach simulations.  
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Leaf/thallus force to tear: The absolute force required to break the leaf/thallus of the 

seagrass/calcifying macroalgae was measured with a tensometer (Instron® model 3342). 

Measurements were conducted following methods by La Nafie et al. (2012) and De los Santos 

et al. (2016). Seagrass blades were cut at the junction between the sheath and the blade, while 

50 mm portions of the secondary branches of Halimeda spp., and the stalk portion of P. 
capitatus were used. These portions were individually clamped into Instron® screw grips (Cat. 

No. 2710-102), with the mountings spaced 20 mm apart. The leaves and thalli were stretched 

at a rate of 5 mm min-1, while the extension (*s; mm) and the force (F, N) were recorded every 

0.1 s until the blades/thalli broke. The maximum tension force that the blades/thalli could bear 

before breaking was recorded and defined as the absolute force to tear. The absolute force to 

tear is used as a proxy for the force required to defoliate the seagrass meadow.  

Results 

Before and after community surveys with depth profiles 

Between October 2015 and March 2018, there were relatively minor changes in the depth 

profiles and seagrass cover at the three sites, even though the intense hurricane season of 2017 

had occurred a few months prior to the final surveys (Fig. 3).  

At the sheltered site, Thalassia testudinum had the densest cover at a mean of 81 ± 8.7% (± 

95% CI, n = 55) in Oct. 2015 (Fig. 3c) and 82 ± 4.9% (n = 60) in March 2018 (Fig. 3b). The 

sheltered site is characterised by a raised seagrass meadow with a steep cliff ~ 1 m high (see 

photo in Fig. 2e) and a shallow area of ~0.3 m (Fig. 3a). Between 2015 and 2018 there was an 

observed shallowing of the seagrass meadow at the transect distances 0-10 m and 47-80 m. T. 
testudinum and Syringodium filiforme grew over an unvegetated patch at 35-45 m along the 

transect between 2015 and 2018, resulting in a more uniform coverage of T. testudinum across 

the site (Fig. 3b).  

At the exposed site, T. testudinum had a sparser and patchier coverage compared to the 

sheltered and unidirectional flow sites, with a mean site coverage of 39 ± 8.3% (± 95% CI, n 
= 56) in 2015 (Fig. 3f) and 34 ± 7.1% (± 95% CI, n = 60) in the 2018 survey (Fig. 3e). Both T. 
testudinum and S. filiforme were lost at 25-30 m and 42-45 m along the transect, however T. 
testudinum did increase in cover at 20 m and 55 m. The bed-level increased in large areas 

where the seagrass remained between 2015 and 2018 (Fig. 3d).  

There was little change in the vegetated community at the unidirectional flow site (Fig. 3h & 

3i). T. testudinum had a mean cover of 65% both in 2015 (95% CI = 7.8%, n = 60; Fig. 3i) and 

2018 (95% CI = 6.6%, n = 60; Fig. 3h). The only significant change in the bed-level at the 
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unidirectional flow site occurred between 50 and 60 m, where the seagrass meadow extended 

across an unvegetated region resulting in this region becoming shallower (Fig. 3g).  

Fig. 3. Depth profiles and seagrass cover at the three study sites with contrasting hydrodynamic regimes 
(sheltered, exposed and unidirectional), before (October 2015) and after (March 2018) the intense hurricane 
season in September 2017. Depth was measured at each quadrat in 2015 (black) and 2018 (red line), lighter 
shading around the line represents the measurement uncertainty from approximate wave-averaging. Seagrass 
cover was estimated for the two dominant seagrass species, Thalassia testudinum (green shading) and 
Syringodium filiforme (light grey shading). The transects extended from the seaward edge of the meadow 
(transect distance = 0 m) towards the landward edge (transect distance = 90 m). 

Calibration of XBeach  

Wave measurements along the established transect at the sheltered site displayed how the 

waves dissipate as they travel across the seagrass meadow (Fig. 4a). At the seaward edge of 

the seagrass meadow, the wave height (Hrms) was measured as 0.18 ± 0.005 m (95% CI, n = 

116; Fig. 4). By the time the waves had propagated 64 meters over the biogeomorphic seagrass 

landscape, the wave height was reduced to 0.05 ± 0.003 m (95% CI, n = 116; Fig. 4). There 

was no significant correlation of the measured wave properties with the average wind strength 

or wind direction of the measurement day, indicating that the primary driver of the wave forces 

is the Atlantic swell entering the bay from the East.  

A bulk drag coefficient of CD = 4 produced the best agreement between the measured and 

simulated significant wave heights within the present-day seagrass simulation. Only the 

unvegetated area at the seaward edge of the raised meadow (cross-shore distance: 708m) 

showed a discrepancy between measured and simulated values (Fig 4a), with the measured 

waves being on average 0.08 m smaller than those calculated in XBeach. This observed 

discrepancy between the measured and simulated waves may be due to the transect used for 
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the simulations being positioned 4-45 m away from where the wave measurements were 

conducted (Fig. 2d) and also due to our model simulations not including wave reflection. As 

the trend between the modelled and measured waves were similar and overlapped with each 

other, we considered the simulations to give a good estimate of the interaction between the 

biogeomorphic landscape of the seagrass meadow and the wave propagation within the studied 

situation. A CD of 0.4 has also been included within Appendix D2 to display the sensitivity of 

the wave propagation model to the CD.  

 

Fig. 4. Calibration of the bulk drag coefficient of the seagrass meadow for XBeach simulations. Wave heights 
(Hrms) are displayed from the model runs with a seagrass deflection height of 0.03 m and different bulk drag 
coefficients (a): CD = 0.4 (red dotted line), CD = 1 (black dashed line), and CD = 4 (green solid line).  The model 
runs were validated against the waves measured at Baie de L’Embouchure (open circles with box plots), to 
determine an appropriate CD for use in further simulations. The depth profile of the cross-shore transect (b) is 
shown with green shading indicating presence of seagrass. 

Modelled wave dissipation by biogeomorphic seagrass landscapes in calm conditions  

The incoming waves from the Atlantic Ocean were modelled to reach the seaward edge of the 

coral reef (cross-shore distance = 513 m) with a depth-averaged orbital velocity (Urms) of 0.63 
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± 0.06 m s-1 (95% CI, n = 73) and wave height (Hrms) of 0.84 ± 0.07 m (95% CI, n = 73; Fig.  
3b). Wave breaking over the shallow coral reef resulted in a reduced orbital velocity of 0.36 ± 

0.02 m s-1 (95% CI, n = 73; Fig.  3a) at the landward edge of the reef (cross-shore distance = 

598 m). This was associated with a 51% reduction in the wave height, so that waves enter 

entering Baie de L’Embouchure had a Hrms  of 0.41 ± 0.01 m (95% CI, n = 73; Fig.  3b).  

With the addition of the biogeomorphic bathymetry within the model, the wave height 

exponentially decayed within the first 150 m of the biogeomorphic landscape with a decay 

coefficient of -0.005 m-1 (Fig. 6a). This dissipation resulted in waves reaching the beach slope 

that were 20% smaller in height and which imposed an orbital velocity that was 50% lower 

than the smoothed bathymetry simulation (Fig. 5a & 6a). In the natural situation, with the 

addition of the seagrass canopy on the complex biogeomophic bathymetry, the exponential 

decay coefficient increased to -0.02 m-1 indicating that the presence of a seagrass canopy 

induces wave dissipation at a rate 4 times greater than that of a biogeomorphic landscape alone. 

Once the waves reached the start of the beach slope (cross-shore distance = 930 m), the wave 

height had reduced to 0.017 ± 0.003 m (95% CI, n = 73; Fig. 6a) and there was an orbital 

velocity of 0.016 ± 0.003 m s-1 (95% CI, n = 73; Fig. 5a); a 95% reduction in the wave forces 

compared to the smoothed bathymetry scenario (Fig. 5a & 6a). 

Modelled effect of hurricanes on the wave dissipation by biogeomorphic landscapes 

The same trends are observed in the hurricane-like scenarios, when there was a storm surge of 

0.8 m and the non-breaking wave height at the seaward edge of the fringing coral reef was 51% 

greater compared to calm conditions (Fig.  3b). The coral reef still provided a strong dissipative 

effect, however the deeper waters and larger waves at the offshore boundary resulted in non-

breaking waves with a Hrms of 0.78 ± 0.01 m (95% CI, n = 73; Fig.  3b) passing the coral reef 

and entering the bay. An Urms of 0.55 ± 0.004 m s-1 (95% CI, n = 73; Fig.  3a) was calculated 

at the landward edge of the coral reef.  

Without the seagrass meadow and biogeomorphic bathymetry in hurricane conditions, no wave 

dissipation occurred within the bay and the non-breaking waves were estimated to reach the 

beach slope with a  56% greater Hrms of 0.68 ± 0.03 m (95% CI, n = 73; Fig. 6b), and causing 

a 33% greater Urms of 0.64 ± 0.03 m s-1 (95% CI, n = 73; Fig.  4c & d) compared to calm 

conditions. The deeper waters from the 0.8 m storm surge resulted in the bathymetry within 

the bay having less effect on the wave dissipation (Fig. 6). The complex biogeomorphic 

bathymetry did still cause the wave height to exponentially decay with a coefficient of -0.003 

m-1; however, this was 50% less than the same scenario under calm conditions (Fig. 6). The 

wave dissipation by the bathymetry resulted in waves at the beach slope that were 7% smaller 

with an orbital velocity that was 27% slower compared with the smooth bathymetry scenario 

during hurricane-like conditions (Fig. 6b).  
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Fig. 5. Simulated depth-averaged orbital velocity (Urms; a) and mean wave height (Hrms; b) along the cross-
shore transect (c) under calm conditions (solid lines) and hurricane conditions (dashed lines). Simulations were 
run for the three scenarios: smoothed bathymetry (red lines), biogeomorphic bathymetry (black line), and the 
natural seagrass meadow (green line). Lines represent the time-averaged mean (n = 73) from each model run, and 
the shaded area around the lines indicate the 95% confidence intervals. (c) shows the depth profile over the cross-
shore transect, with coral reef (orange) and seagrass meadow (green). The dotted red line indicates the depth 
profile used for the smoothed transect scenario. The water level (solid blue line) was increased by a storm surge 
of 0.8 m (dashed blue line) during Hurricane Irma. 

The seagrass canopy had a similar dissipative effect as under calm conditions, with the seagrass 

meadow dissipating the wave height with an exponential decay coefficient of -0.014 m-1 (Fig.  

4b). The non-breaking waves under hurricane conditions reached the beach slope with a Hrms 

of 0.08 ± 0.01 m (95% CI, n = 73; Fig. 6b) and an Urms of 0.06 ± 0.01 m s-1 (95% CI, n = 73) 
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after being dissipated by the seagrass meadow and biogeomorphic bathymetry. The presence 

of the biogeomorphic bathymetry and seagrass meadow in hurricane-like conditions caused a 

90% reduction in the wave height and orbital velocity compared to the smoothed bathymetry 

scenario (Fig. 6b). 

 

Fig. 6. The modelled wave height (Hrms) of waves as they propagate across the location of the seagrass meadow 
within Baie de L’Embouchure under calm conditions (a) and hurricane conditions (c). Trend lines (bold lines) are 
fitted to the three scenarios: smoothed bathymetry (red line; linear fit), biogeomorphic bathymetry (black line; 
exponential fit), and the natural seagrass meadow (green line; exponential fit). The depth profiles (b & d) display 
the transect used for the smoothed bathymetry scenario (red dotted line) and the natural biogeomorphic 
bathymetry scenarios (sold black line), with the green shading indicating where seagrass is present. Lines 
represent the time-averaged mean (n = 73), and the shaded area directly around the lines indicate the 95% 
confidence intervals. 

Biomechanical properties of vegetation 

Biomechanical measurements of the different vegetation species under increasing 

unidirectional flow speeds displayed how the breaking force of the above-ground biomass far 

exceeds the drag forces that the individuals would experience in situ (Fig. 5c). At a 

unidirectional flow speed of 0.5 m s-1 (i.e., slightly lower than the peak orbital velocity during 

hurricanes; Fig. 5)  the leaves of the seagrass T. testudinum bent to a low angle (Fig. 5b), and 

therefore, only experienced a drag force of 0.05 ±  0.01 N (95% CI, n = 16; Fig. 5a). This drag 

force is two orders of magnitude lower than the 9.66 ± 1.05 N (95% CI, n = 24) of tension 

force required to tear the leaves of a healthy T. testudinum plant (Fig. 7c). The calcifying algae 

Distance along seagrass meadow (m)

Water level Storm surge

D
ep

th
 (m

)

−2
−1

0
1

0 100 200 300 0 100 200 300

a. c.

y=0.3096e−0.02108x

y=0.461e−0.0052x

y=0.3957+0.0002514x

y=0.6166e−0.01363x

y=0.8111e−0.002597x

y=0.731 + 0.0004316x
 R2=0.5669

 R2=0.6251

 R2=0.9707

 R2=0.9414

Smooth bathymetry
Biogeomorphic bathymetry
Seagrass meadow

 R2=0.9403

 R2=0.9647

W
av

e 
he

ig
ht

 
H

rm
s (

m
)

0

0.2

0.4

0.6

0.8

b. d.

Normal conditions Hurricane conditions



Chapter 5 

 99 

H. incrassata are made up of many segments that break apart at a tension force of 1.78 ± 0.73 

N (95% CI, n = 17; Fig. 7c). H. incrassata bent low to the ground when exposed to flow (Fig. 

5b), resulting in it experiencing very little drag under strong unidirectional flow (Fig. 5a). H. 
monile grows in large clumps and remains mostly upright. Of all species measured, it 

experienced the strongest drag forces. Nevertheless, the measured drag force of 0.12 ± 0.02 N 

(95% CI, n = 24; Fig. 7a) imposed on thalli of H. monile at 0.5 m s-1, were well below the 

tension force required to break its segmented thallus (2.00 ± 0.46 N, 95% CI, n = 26; Fig. 7c). 

The heavily calcified stalk of P. capitatus required a tension force of 22.15 ± 2.52 N (95% CI, 

n = 23; Fig. 7c) to break. The thin stalk and spherical ‘brush head’ morphology of P. capitatus 
experienced little drag (0.07 ± 0.01 N, 95% CI, n = 24; Fig. 7a), even though the thick calcified 

stalk bent only up to an angle of 11 ±  3.4° (95% CI, n = 24; Fig. 7b)  at 0.5 m s-1.  

 

Fig. 7. The drag (a) and degree of bending (b) that the leaves of Thalassia testudinum (triangles), Syringodium 
filiforme (diamonds), and thalli of Halimeda incrassata (squares), Halimeda monile (stars) and Penicillus. 
capitatus (circles) experience under increasing flow velocities. The flow range under calm and storm conditions 
are indicated above. The log force (N) required to tear the leaves and thalli of the seagrass and algae is displayed 
in (c, circles), with the log drag forces (N) experienced at 0.4 m s-1 (white bars), and at 0.5 m s-1 (grey bars). Points 
and bars represent means ± 95% CI. 

Discussion 

Offshore waves during Hurricane Irma were up to 10 m in height (Candy 2017; Kuznetsova et 

al. 2019). These large waves in combination with the storm surge resulted in non-breaking 

waves entering Baie de L’Embouchure that were 90% larger compared to calm conditions. 

Even with these extreme hydrodynamic forces, there was very little change in the bathymetry 

or community structure within the Thalassia testudinum dominated seagrass meadows. Not 

only were the seagrass meadows tolerant of the extreme storm conditions, our observations 
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and the wave propagation model display how the seagrass meadows continue to provide 

important coastal protection services during extreme hydrodynamic events. Both the seagrass 

canopy and the complex biogeomorphic bathymetry created by the raised seagrass beds 

significantly dissipate the waves within a shallow bay under both calm and hurricane-like 

conditions, reducing the wave forces that reach the shoreline. In addition, the ability of the 

seagrass meadows to withstand the extreme hydrodynamic forces ensures that the seafloor 

integrity is maintained. The robustness of the coastal protection services provided by seagrass 

meadows to extreme hydrodynamic events highlights the importance of a seagrass-vegetated 

foreshore to protect beaches within tropical coastal zones, especially as the frequency of 

extreme storms is expected to increase.  

Tolerance of Caribbean seagrass meadows 

Only the most exposed site (Orient Bay) exhibited a reduction in the cover of T. testudinum, 
with the loss of a small area of seagrass near the seaward edge of the meadow. Both the 

unidirectional flow and sheltered sites remained in a stable state, and actually expanded into 

bare areas over the survey period, displaying the general succession of the seagrass community 

(Williams 1990). Given that the final surveys were conducted 6 months after the hurricane 

events on Saint Martin, there may have been changes to the seagrass meadow that were not 

observed. However, considering there were no significant changes to the seagrass meadows 

after 6 months demonstrates that the intense hurricane season in the Caribbean 2017 had no 

long-lasting impact on the local seagrass meadows.  

The minimal response of the studied seagrass meadows to strong hurricane events is 

comparable to what has been reported previously in other T. testudinum-dominated seagrass 

meadows (Fourqurean and Rutten 2004; Byron and Heck 2006; Anton et al. 2009; van 

Tussenbroek et al. 2014). The tolerance of native Caribbean seagrass meadows to the extreme 

hydrodynamic forces caused by hurricanes is likely to be an evolutionary adaptation (Botero 

et al. 2015).  

Traits to withstand extreme hydrodynamic forces 

Major hurricanes of category 4 and 5 occur at an average rate of 2.4 events per year within the 

Caribbean (Bender et al. 2010), with islands in the northern leeward chain (in the vicinity of 

Saint Martin) experiencing category 3-5 hurricanes approximately once every 10 years (van 

Dijken 2011). For a species to persist and become dominant in Caribbean tropical ecosystems, 

they need traits which allow them to tolerate the extreme but recurrent storm events. The 

biomechanical measurements display how the flexible but strong leaves of T. testudinum bend 

low over the sediment surface, thereby reducing the drag force which they are subjected to, 

even in flows surpassing the hurricane level. The flexibility and strength of the healthy leaves 
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and thalli of the seagrass and algae ensures that extreme hydrodynamic forces are unlikely to 

cause extensive defoliation of the seagrass meadows.  

The mechanical analyses were conducted with unidirectional flow conditions, which do not 

capture the swaying motion of the flexible vegetation that occurs under orbital wave motion. 

This swaying motion can cause extra forces of whip-like accelerations (Gaylord and Denny 

1997; Gaylord et al. 2008), and therefore, our biomechanical measurements may underestimate 

the forces that the seagrass and calcifying macroalgae experience under wave forces. However, 

as the seagrass and calcifying algae are relatively short (< 30 cm) (Gaylord and Denny 1997; 

Bouma et al. 2005) and the extra forces from swaying have been shown to only be important 

when the ratio between wave velocity and current speed is large (Gosselin 2019; Lei and Nepf 

2019), the impact of swaying motion is expected to be limited. Given that the tension force 

required to break the leaves and thalli of the vegetation was an order of magnitude greater than 

the drag forces simulated during a hurricane, breakage of healthy leaves and thalli of seagrass 

and calcifying macroalgae is expected to be unlikely during hurricanes. Additionally, the 

robust and deep root-rhizome mat of mature T. testudinum meadows ensures that dislodgment 

is unlikely during strong hydrodynamic events.  

The persistence of the T. testudinum root-rhizome mat ensures maintenance of a stable 

sediment surface, which is beneficial for the seagrass itself (Williams 1990; van Tussenbroek 

et al. 2008; Christianen et al. 2014; Suykerbuyk et al. 2016), and also for other benthic 

organisms inhabiting the meadow. The upright thalli of the calcifying algae species require 

forces greater than what a hurricane can produce to break, however their rhizoid-root system 

can be prone to dislodgment when in unconsolidated sand (van Tussenbroek et al. 2008). These 

calcifying algae have a network of rhizoids which clump together with the sand, creating a 

small ball below the sediment surface that keeps them rooted in place (Cruz-Palacios and van 

Tussenbroek 2005). When sediment is eroded around this rhizoid-root system, the calcifying 

algae can become dislodged. The persistence of the T. testudinum-dominated meadow, 

however, provides a stable, consolidated sediment surface, reducing the risk of dislodgement 

of the calcifying algae and other benthic species inhabiting the seagrass meadows.  

Persistent coastal protection services of beaches 

Wave attenuation by seagrass meadows is well documented (Bouma et al. 2005; Bradley and 

Houser 2009; Paul and Amos 2011), however there is very little knowledge of the significance 

of this wave dissipation during extreme hydrodynamic events, such as storms. This study has 

highlighted the tolerance of the Caribbean’s native seagrass meadows to extreme 

hydrodynamic forces imposed by hurricanes, which ensures that they continue to provide 

important coastal protection services throughout major storm events.  
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Our bathymetric surveys display how the continued existence of the seagrass meadow over the 

two-year survey period protects the seafloor from erosion, and in many instances, resulted in 

an increase in the bed-level. Additionally, the wave propagation model, based on bathymetry 

and in situ wave measurements during calm conditions, displays how the combination of the 

seagrass canopy and the complex biogeomorphic bathymetry effectively dissipates the waves 

in the shallow bay as they propagate across the meadow, even during extreme storm events. 

Wave attenuation by the bathymetry is restricted to the areas where there is shallowing. The 

waves shoal and break where the seabed changes depth, causing a significant reduction in the 

wave forces at localised areas. After the waves break, however, further attenuation by the 

bathymetry is limited due to the waves being adapted to the shallower depth. The extensive 

and dense seagrass meadow imposes vegetation drag and increases the seabed roughness over 

a large area of the domain. Because the seagrass meadow is so extensive, the waves are 

attenuated over a large area of the foreshore, contributing to a significant reduction in the 

hydrodynamic forces.  

It must be noted that the level of wave attenuation by vegetation is dependent on the height of 

the seagrass relative to the local water depth  (Fonseca and Cahalan 1992). As our study site is 

shallow (0.3-2 m depth), the 0.2 m tall seagrass canopy is very effective at dissipating waves, 

even with a storm surge of 0.8 m. Storm surges of this magnitude are typical for the Caribbean 

region due to the steeply sloping shelves around many of the islands (Daniel 1996; Beven et 

al. 2008). The Gulf coast, however, is typified by a gently sloping shelf, which creates much 

larger storm surges (1.0-8.5 m) during extreme storms (Beven et al. 2008). In situations where 

the seagrass canopy occupies less of the water column, the effectiveness of seagrass at 

attenuating waves would be reduced (Fonseca and Cahalan 1992; Barbier et al. 2008; Ozeren 

et al. 2014). Nevertheless, the reduction in the erodibility of the seafloor by the seagrass 

meadow in addition to the wave dissipation by the biogeomorphic landscape makes natural 

seagrass meadows extremely effective at protecting tropical foreshores and shorelines from 

erosion (James et al. 2019b).  

Without the biogeomorphic bathymetry and the seagrass canopy, the orbital velocity created 

by waves travelling up the smooth inclining bathymetry increases along the transect and the 

waves break at the shoreline with a force similar to the waves that first enter the bay (Fig. 5). 

However, within the natural seagrass meadow landscape, waves decay at an exponential rate 

over the first 150 m of the seagrass meadow, resulting in significantly lower hydrodynamic 

forces crossing the bay and reaching the shoreline in both calm and hurricane conditions. 

Smaller and more fragmented meadows are likely to be limited in their dissipative power 

(Bradley and Houser 2009). It is therefore important to protect and restore meadows of a 

sufficient size if coastal regions wish to benefit from the effective coastal protection services 

provided by seagrass meadows. 
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Importance of surrounding ecosystems 

In line with Ferrario et al. (2014), the fringing coral reef is modelled to be extremely effective 

at dissipating waves and thereby in providing a protected environment behind it both during 

calm and hurricanes conditions (Saunders et al. 2014). The rigid coral reefs create a barrier that 

can be as shallow as 0.5 m deep, thereby providing a natural seawall that filters out the largest 

waves from entering the bay. Without this fringing reef, the seagrass meadows would be much 

more vulnerable to erosion, experiencing the full force of the incoming waves from the open 

ocean (Saunders et al. 2014).   

Vegetation on the shoreline can also contribute to maintaining the seagrass meadows in a 

healthy condition. Heavy rainfall is often associated with tropical storm events, which can 

dramatically increase the runoff from the land. Rainfall runoff can increase the sediment load 

within the surrounding coastal waters, potentially disrupting the light supply to seagrass 

meadows (Preen et al. 1995) and increasing the nutrient loads into the coastal ecosystems 

(McGlathery et al. 2007). Mangroves and shoreline vegetation are extremely effective at 

trapping and filtering the run-off from the terrestrial environment (Valiela and Cole 2002; 

Gillis et al. 2014), and are thereby important for buffering the seagrass meadows from any 

potentially damaging run-off, particularly during storm events. Although we have no direct 

measurements, mangrove forests surrounding estuarine areas adjacent to Baie de 

L’Embouchure likely help to minimise the sediment load within the bay, particularly during 

and after extreme storm events. Sediment resuspension caused by the extreme hydrodynamic 
forces during storms can also induce high turbidity (Ward et al. 1984; Preen et al. 1995). The 
coarse calcareous sediment found within many tropical coastal regions, including Baie de 
L’Embouchure, however, quickly sinks out of the water column, and typically does not 
increase turbidity for long-periods (Shields 1936; Adams et al. 2016). 

Conclusion 

Hurricanes produce extreme hydrodynamic conditions that can cause extensive damage to 

tropical marine ecosystems. Due to the recurrent nature of hurricanes within the Caribbean, 

native species have had to adapt to the associated extreme hydrodynamic forces in order to 

survive (Botero et al. 2015). We showed that well-established T. testudinum-dominated native 

Caribbean seagrass meadows and their coastal protection services persist during major tropical 

storms and hurricanes. Leaves of T. testudinum and thalli of dominant calcifying macroalgae 

sustain any wave forces they are likely to experience as a result of hurricane activity. Revisited 

transects were almost unaltered after the multiple hurricanes of 2017, and a model using 

bathymetry and wave measurements showed that waves in a shallow bay were greatly 

attenuated by the seagrass canopy. By stabilising the sediment and dissipating waves, seagrass 

meadows minimise erosion of sandy beach foreshores. These coastal protection services are 
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also beneficial for other benthic species and the seagrass species themselves, as the risk of 

dislodgment is decreased. The tolerance of native Caribbean seagrass meadows and the 

effectiveness of their coastal protection services during calm and extreme hydrodynamic 

conditions is both essential for their persistence but also provides a vital ecosystem service by 

maintaining a stable coastal ecosystem. This tolerance of seagrass coastal protection services 

to hurricanes is especially important as the frequency of major storm events is projected to 

increase with the warming oceans. 
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Appendix D 
 
Appendix D1. Xbeach Model Parameters  
   
Parameter Description Value 
nx Number of computational cell corners (x-direction) 3057 
ny Number of computational cell corners (y-direction) 0 
vardx Switch for variable grid spacing 1 
tstop Simulation run time (seconds) 3600 
morfac Morphological acceleration factor 4 
morfacopt Switch to adjust output times for morfac 0 
struct Presence of non-erodable sediment layers 1 
vegetation Switch for interaction of waves and flow with vegetation 1 
wavemodel Wave solving model surfbeat 
instat Wave boundary condition type jons 
snells Switch for Snell's law for wave refraction 1 
Sediment parameters   
ngd Number of sediment fractions 3 
D50 Median grain size (mm):  
 Bare sand 0.35354 
 Within meadow 0.191853 
 Coral rubble 20 
D90 90th percentile grain size (mm):  
 Bare sand 0.8125 
 Within meadow 0.476393 
 Coral rubble 150 
sedcal Equilibrium sediment concentration factor:  
 Bare sand 1 
 Within meadow 0.5 
 Coral rubble 1 
Thalassia testudinum parameters   
nsec Number of vertical sections 1 
hv Deflected vegetation height above seabed (m) 0.03 
CD Bulk drag coefficient 4 
bv Stem diameter (m) 0.01 
Nv Density (m-2) 1000 
Hydrodynamic input   
Hm0 Significant wave height (m):  
 Calm  1.6 
 Storm 2.5 
Tp Wave period (s):  
 Calm  8 
 Storm 10 
Mainang Wave incidence angle (o):  
 Calm  270 
 Storm 270 
zs0 Initial water level (m):  
 Calm  0 
 Storm 0.8 
tideloc Number of corners on which water level is specified 1 
   
All other parameters were left at their default settings.  
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Appendix D2. Wave propagation simulations with CD = 0.4  

To illustrate the sensitivity of the wave propagation model to the bulk drag coefficient (CD), 

an additional simulation with the CD set to 0.4 was also completed. 

In simulations when the CD is reduced by an order of magnitude to 0.4, the decay coefficient 

within the natural seagrass meadow is -0.01. Once the waves reached the start of the beach 

slope (cross-shore distance = 930 m), the wave height was estimated to be 0.14 ± 0.002 m in 

the CD = 0.4 scenario  (95% CI, n = 73; Fig. 1b), with an orbital velocity of approximately 

0.13 ± 0.002 m s-1 (95% CI, n = 73; Fig. 1a).  

In hurricane conditions, the seagrass canopy with a CD of 0.4 dissipated the wave height with 

an exponential decay coefficient of -0.005 m-1. The non-breaking waves under hurricane 

conditions reached the beach slope with a Hrms of 0.37 ± 0.003 (95% CI, n = 73; Fig. 1b), and 

a Urms of 0.27 ± 0.002 m s-1 (95% CI, n = 73; CD = 0.4; Fig. 1a). 

 
Appendix D2, Fig. 1. Simulated orbital velocity (Urms; a) and mean wave height (Hrms; b) of the wave 
propagation simulations when the bulk drag coefficient is set to 0.4 (blue line). The scenarios presented in 
the manuscript are also illustrated as the faded lines. Lines represent the time-averaged mean (n = 73) from 
each model run, and the shaded area around the lines indicate the 95% confidence intervals. (c) shows the 
depth profile over the cross-shore transect, with coral reef (orange) and seagrass meadow (green). The 
dotted red line indicates the depth profile used for the smoothed transect scenario. The water level (solid 
blue line) was increased by a storm surge of 0.8 m (dashed blue line) during Hurricane Irma.  
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Chapter 6: 

Climate change mitigation by coral reefs and 
seagrass beds at risk: How global change 

compromises ecosystem services of coastal 
protection and pH refuges 

In preparation 

James RK, Keyzer LM, Herman PMJ, van Katwijk MM, Bouma TJ 

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 



Chapter 6 

 123 

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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Chapter 7: 

General discussion - Mitigating climate change 
with seagrass ecosystem services 

Seagrasses alter their surrounding environment both chemically and physically. Through this 
alteration, seagrass meadows provide ecosystem services that are important for surrounding 
organisms, including people. Although the ecosystem services provided by seagrass meadows 
are acknowledged within the scientific community, there has been little quantification of these 
services, the factors that affect them and how they contribute to shaping the physical landscape 
of the coastal zone. With this thesis, a mechanistic understanding of the ecosystem services 
provided by seagrass meadows within the Caribbean was established, in the effort to determine 
the full effect that these services have on shaping the Caribbean coastal environment. Utilising 
this mechanistic knowledge, the future of seagrass ecosystem services under the threats of 
climate change and other increasing anthropogenic pressures was predicted, thereby gaining 
an insight into how the Caribbean’s seagrass-dominated bays will look in the future. Only by 
understanding how ecosystems function and the ecological feedbacks between the biotic and 
abiotic components, can we realise the true value of specific ecosystems and their potential for 
mitigating issues we are facing now and in the future. 

Dynamic pH within coastal vegetated ecosystems 

The coastal zone is a dynamic system that exhibits a wide range of environmental conditions, 
this variability enables a great diversity of productive ecosystems (Mann 1973; Short et al. 
2007; McLeod et al. 2011). Recognising the drivers of this environmental variability is 
required to understand the ecosystem functioning within the coastal zone, and thereby, improve 
our ability to forecast the response of coastal ecosystems to global change. Up until recently, 
forecasts of future ocean acidification conditions were based on the stable pH of the open ocean 
(Caldeira and Wickett 2005). More recently, the temporal pH fluctuations within vegetated 
ecosystems have been recognised and included in studies examining the response of coastal 
organisms and communities to ocean acidification (Price et al. 2012; Cornwall et al. 2013a; 
Roleda et al. 2015; Boyd et al. 2016; Mangan et al. 2017). Indeed, the metabolism of tropical 
seagrass meadows causes substantial pH fluctuations within the meadows locality that are 
greater than the predicted pH of the ocean in a high-CO2 world (Chapter 2). Diurnal pH 
fluctuations of more than 0.3 units were observed within an expansive dense seagrass meadow 
of Thalassia testudinum (Chapter 2). Similar pH fluctuations have been observed in dense 
seagrass meadows of Posidonia oceanica in the Western Mediterranean, which exhibited pH 
fluctuations of 0.24 units over a diurnal cycle during the summer months (Hendriks et al. 2014). 
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Such fluctuations create pH conditions that are distinct to the pH environment within the open 
ocean (Hofmann et al. 2011), and expose organisms living within these vegetated habitats to 
much more extreme pH conditions than originally considered. However, further complicating 
the pH environment within vegetated coastal ecosystems is the hydrodynamic setting, which 
controls the magnitude and the spatial extent that vegetation alters the pH of the surrounding 
seawater (Chapter 2).  

Hurd (2015) hypothesised that slow flow habitats would experience greater pH fluctuations 
than those sites with stronger hydrodynamic forces. This hypothesis insinuates that the pH 
environment within the coastal zone varies both temporally and spatially depending upon the 
hydrodynamic setting. This spatial variability of the pH was displayed within the tropical 
seagrass meadows of the Caribbean (Chapter 2). The magnitude of pH fluctuations within 
similar seagrass meadows varied between sites with contrasting hydrodynamic regimes, 
displaying the counteracting effect that hydrodynamic forces have on the alteration of the pH 
by the photosynthesising seagrass meadow (Chapter 2). In addition, the pH variability 
increased in magnitude from the coral reef to within the seagrass meadow, displaying how 
biotically-altered seawater travels downstream and becomes further altered by the seagrass 
meadows that it passes (Chapter 2; Koweek et al. 2018; Wahl et al. 2018). The measured 
spatial variability of pH within the seagrass meadows leads to the conclusion that organisms 
living within coastal vegetated ecosystems not only experience fluctuating pH conditions but 
also unique pH conditions depending upon their location within a vegetated site. Such a finding 
complicates our forecasting of the response of coastal ecosystems to future low-pH conditions, 
but could also explain the variation in observed responses of marine organisms to supposedly 
low-pH conditions (Hall-Spencer et al. 2008; Ries et al. 2009; Kroeker et al. 2011; Price et al. 
2011; Johnson et al. 2012; Noisette et al. 2013).  

Spatially and temporally variable seawater pH is an inherent component of vegetated coastal 
ecosystems. Calcifying organisms are considered sensitive to pH changes as they require high 
pH conditions for calcification (Doney et al. 2009; Nelson 2009), yet many calcifying 
organisms inhabit these vegetated coastal ecosystems where the pH conditions are constantly 
fluctuating. These calcifying taxa must, therefore, possess strategies to overcome the dynamic 
pH regime for them to continue to thrive. Calcifying green macroalgae from the Bryopsidales 
order (such as Halimeda spp. and Penicillus spp.) grow within and adjacent to tropical seagrass 
meadows, and therefore, would experience a wide range of pH conditions. The response of 
calcifying green (chlorophyta) macroalgae to low pH conditions is minimal (Johnson et al. 
2014; Vogel et al. 2015), which contrasts that of temperate red (rhodophyta) coralline 
macroalgae (Hall-Spencer et al. 2008; Andersson et al. 2009; Cornwall et al. 2014). This lack 
of response could be due to the calcareous bryopsidales algae calcifying within intracellular 
spaces where pH can be controlled by photosynthetic activity and proton pumps (Borowitzka 
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and Larkum 1976; De Beer and Larkum 2001; Koch et al. 2013). This mechanism contrasts 
vulnerable coralline algae, which calcify at their cell walls where it is more exposed to the 
surrounding low-pH seawater (Borowitzka and Larkum 1987). Other calcifying organisms, 
such as Blue mussels (Mytilus edulis), have been shown to only require short periods of 
favourable pH conditions to calcify and construct their skeletons (Frieder et al. 2014; Wahl et 
al. 2018), allowing them to utilise short periods of high-pH conditions. Furthermore, many 
marine calcifying animals have an organic layer (termed periostracum) that protects their shells 
from corrosive low-pH seawater (Rodolfo-Metalpa et al. 2011; Peck et al. 2016). Mechanisms 
that increase marine organisms’ tolerance to low pH conditions appear to be widespread 
amongst coastal calcifiers, and could be adaptations to the variable pH within the coastal zone. 
Whether these strategies will help organisms to withstand the lowering seawater pH conditions 
predicted for the future ocean remains unclear. 

Variable pH habitats as pH refuges against ocean acidification 

Predictions of future ocean acidification estimate a lowering of the mean seawater pH by 0.13-
0.42 units (Caldeira and Wickett 2005; Pörtner et al. 2014). This reduction is equivalent to the 
biotically-induced pH fluctuations within the coastal zone. Henceforth, habitats that exhibit 
large pH fluctuations, such as seagrass meadows, coral reefs and kelp forests, have been 
hypothesised to buffer organisms against the low pH bulk waters, thereby providing a high-pH 
refuge where conditions are favourable for calcification (Semesi et al. 2009; Kleypas et al. 
2011; Unsworth et al. 2012; Hurd 2015; Wahl et al. 2018). Monitoring of the diurnal pH 
fluctuations within the Caribbean seagrass meadows display that the biotically-driven 
fluctuations do not alter the mean daily pH (Chapter 2). A drop in the mean pH of the bulk 
water will, therefore, also cause a relative shift in the diurnal pH fluctuations to approximately 
7.77 - 8.11 or 7.48 - 7.82 under more extreme scenarios. It is hence questionable as to whether 
the fluctuating pH conditions within vegetated ecosystems will provide a pH refuge for those 
organisms already inhabiting pH variable areas, as the relative pH conditions they are exposed 
to will also decrease. Such a decrease in the overall seawater pH will make organisms more 
dependent on those strategies that allow them to withstand periods of low-pH, thereby 
increasing their energetic costs (Mangan et al. 2017). A high pH refuge may, therefore, only 
be relevant to those species that shift their distribution from a region without pH fluctuations 
to an area that does exhibit pH fluctuations. 

Further limitations of the biologically-driven pH fluctuations as pH-refuges are evident when 
examining the night-time pH. Although the Caribbean seagrass meadows increase the local 
seawater pH by 0.18 units during the day, there is a 0.1 reduction in the mean bulk seawater 
pH (pH ~ 8.1) at night. We should therefore be cautious when describing habitats that exhibit 
large pH fluctuations as pH-refuges, and acknowledge that the favourable pH conditions only 
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occur during the day. Respiration at night actually exacerbates the unfavourable conditions of 
a future low-pH ocean. Any species that are able to shift their distribution to areas with pH 
fluctuations, will also require a mechanism to tolerate or avoid the very low pH conditions at 
night.  

Although there is still little evidence to support the hypothesis that pH fluctuations within 
vegetated ecosystems may act as pH refuges, the spatial and temporal pH variability is likely 
to have a secondary indirect affect by improving organisms’ tolerance to ocean acidification. 
The variable pH environment within coastal vegetated ecosystems increases the habitat 
complexity, and could promote organisms to acclimate and adapt to variable pH conditions 
(Botero et al. 2015). 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). Thereby, a 
complex ecosystem with dynamic conditions is more likely to produce organisms tolerant of 
changes in their environment, compared to habitats with stable and uniform conditions. This 
tolerance to variable conditions is likely to be beneficial in a world where climate is driving 
rapid changes in ecosystems. 

Global change reducing pH variability in Caribbean coastal regions 

The variable pH within vegetated coastal regions is under threat from habitat degradation 
(Chapter 6). As the biotically-induced fluctuations by vegetation are counteracted by water 
motion (Chapter 2), the increase in the hydrodynamic forces caused by sea level rise could 
reduce the spatial extent and magnitude of the seagrass-driven pH fluctuations at more exposed 
sites. Expansion of the seagrass meadows into new subtidal habitat created by the rising sea 
level (Short et al. 2016; Keyzer 2018) could potentially compensate for the loss of pH 
variability within the more wave-exposed regions. However, local and global stressors, such 
as eutrophication, coastal infrastructure, and rising temperature could limit the ability of 
seagrass to colonise these new areas (Orth et al. 2006; Short et al. 2016). If the seagrass and 
fringing coral reef remain, the reduction in pH variability within the Caribbean coastal 
ecosystem should be relatively minimal (Chapter 2 & 6). Unfortunately, both coral reefs and 
seagrass meadows are rapidly degrading across the planet (Hughes and Connell 1999; Orth et 
al. 2006; Waycott et al. 2009; Burke et al. 2011). 

Local stressors such as increasing sediment and nutrient runoff (McGlathery et al. 2007), 
physical disturbance (Eckrich and Holmquist 2000), invasive species (Williams 2007; 
Christianen et al. 2018), disease, commercial fishing practices, overgrazing (Christianen et al. 
2018) and algal blooms (van Tussenbroek et al. 2017) are resulting in a 7% reduction per year 
in global seagrass habitat (Waycott et al. 2009) and 60% of coral reefs to be classified as 
seriously damaged (Hughes and Connell 1999; Burke et al. 2011). These local pressures are 
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being exacerbated by rising seawater temperatures and ocean acidification (Hoegh-Guldberg 
et al. 2007; Hughes et al. 2017a). Without a fringing coral reef, the hydrodynamic forces 
entering the bays are greatly increased (Chapter 6), which could reduce the influence 
vegetation has on the pH variability within the coastal ecosystems (Chapter 2), depending 
upon the depth change (Chapter 6). Degradation of seagrass habitat will directly reduce pH 
variability (Chapter 6). 

The reduction of variable pH regions within Caribbean bays will cause the bay ecosystem to 
have a more homogenous seawater chemistry reflecting the bulk water from the open ocean. 
Such a change, leaves organisms vulnerable to the full effects of ocean acidification. Constant 
unfavourable calcification conditions of a low pH and low [CO32-] will dominate the bay area. 
A loss of habitat complexity is often associated with a reduction in species diversity (Heck and 
Wetstone 1977; Davis et al. 2017). Shifts in species dominance is likely to occur as the variety 
of mechanisms to withstand low pH conditions cause an unequal response among species. 
Those species that are dependent upon the transient high pH conditions during the day are 
likely to be negatively impacted by losing this important period in which calcification is 
favoured (Frieder et al. 2014; Kapsenberg et al. 2018). Mechanisms that protect calcifying 
organisms from unfavourable carbonate chemistry conditions will be more crucial but may 
become more energetically expensive (Mangan et al. 2017). H+ pumps that maintain favourable 
pH conditions within the cell (Hofmann et al. 2016) will require more energy to continuously 
create a pH gradient between the cell and the low-pH bulk water, while maintenance of organic 
periostracum layers will become more crucial (Rodolfo-Metalpa et al. 2011). Further work, 
however, is required to understand how reliant species are on the fluctuating pH conditions 
produced by photosynthesising organisms, and, therefore, what will happen if the variable pH 
conditions are lost.  

Seagrass meadows shape the Caribbean beach landscape 

Seagrass meadows in the Caribbean stabilise the seabed and attenuate waves to an extent that 
they alter the beach landscape. By attenuating waves (Chapter 5) and deflecting flow, seagrass 
meadows shelter the sediment surface creating a stable seabed in which erosion is reduced 
(Chapter 3). This reduction in erosion allows sediment to accumulate within the seagrass 
meadow (Potouroglou et al. 2017). Over time, as the seagrasses continue to grow on top of the 
stable sediment surface, the sediment gets trapped within the root network. For long-living 
seagrasses with extensive root networks, such as the late-successional seagrass species T. 
testudinum, this sediment capture can result in raised seagrass beds. The combination of raised 
seagrass beds with unvegetated deeper regions results in the formation of a complex 
biogeomorphic landscape (Chapter 5). These complex landscapes along with the seagrass 
canopy are positioned within the beach shoreface region where they combine to greatly 
attenuate waves propagating through the beach system (Chapter 5). The robustness of the 
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seagrass meadows ensure that the seagrass-biogeomorphic landscapes are maintained over 
long periods (Chapter 4), resisting erosion and attenuating waves even during strong storm 
events (Chapter 5), and thereby providing effective coastal protection.  

Direct measurements of the sediment stabilisation ability of contrasting seagrass patches 
showed how long-leaved dense seagrass canopies provide the most protection to the sediment 
surface. Extensive and robust below-ground biomass (roots and rhizomes), however, are 
required to maintain the seafloor integrity for extended periods and throughout storm events 
(van Tussenbroek et al. 2008; Christianen et al. 2013). Given that Thalassia testudinum 
possesses all of these characteristics, this dominant Caribbean seagrass species was found to 
be incredibly effective at stabilising the sediment surface and reducing erosion in the beach 
foreshore region (Chapter 4 & 5). Other late-successional seagrasses have similar traits to T. 
testudinum, such as Posidonia spp. found within the Mediterranean and Australia, T. 
hemprichii found in the indo-pacific and Thalassodendron spp. also in the indo-pacific. These 
seagrasses are therefore also likely to be effective at stabilising sediment and reducing erosion 
in the coastal zone. Indeed, the well-studied P. oceanica in the Mediterranean has been 
identified to effectively reduce sediment resuspension (Gacia and Duarte 2001) and to alter the 
bathymetry within the littoral zone through wave attenuation and sediment stabilisation (Tigny 
et al. 2007).  

Coastal protection by seagrass to combat sea level rise and increasing storm intensity 

The coastal protection services provided by late-successional seagrass meadows could mitigate 
much of the negative impacts of sea level rise and increasing storm intensity. A concerning 
consequence of these climate-driven pressures is that they increase coastal erosion, which 
would intensify the deepening of bays and coastal regions (Zhang et al. 2004). This could lead 
to a positive feedback with larger hydrodynamic forces entering the beach region, exacerbating 
coastal erosion and continually deepening the beach shoreface, thereby creating a more 
unstable seabed prone to erosion (Chapter 4). The stabilisation of sediment and creation of an 
erosion-resistant seabed by seagrass meadows helps to combat coastal erosion, thereby limiting 
the depth increase caused by sea level rise. By maintaining a shallow shoreface and through 
the wave attenuation by the seagrass meadows, the risk of coastal flooding is reduced (Barbier 
et al. 2008; Jones et al. 2012; Arkema et al. 2013). The ability of the robust late-successional 
seagrass meadows to withstand extreme hydrodynamic forces, ensures that they continue to 
provide these vital coastal protection services during and after extreme storm events (Chapter 
5). 

In some cases, where a continuous supply of sediment is present, the sediment stabilisation of 
the seagrass meadows could allow for the vegetated ecosystems within Caribbean bays to 
accrete and keep up with sea level rise. Indeed there was approximately a 200 mm increase in 
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the bed level within the sheltered, landward portions of the seagrass meadows at both Baie de 
L’Embouchure and Orient Bay (St Martin) over an 18 month period, which equates to an 
accretion rate of 133 mm y-1 (Chapter 5). Extrapolating this rate of accretion suggests that 
some sheltered seagrass meadows with an ample sediment supply will be able to keep up with 
sea level rise, given the projected rate of sea level rise in the Caribbean of 9.3 mm y-1 with a 
5ºC temperature increase (Jevrejeva et al. 2016). Sediment accretion, however, is dependent 
upon the sediment stabilisation ability of the seagrass meadow, the hydrodynamic regime and 
the sediment source. Seagrass meadows experiencing stronger hydrodynamic regimes exhibit 
minimal or no sediment accretion (Chapter 5), indicating that higher energy sites will struggle 
to keep up with sea level rise. Nevertheless, the minimal erosion observed within higher-energy 
sites (Chapter 5) and the long-term beach profiles from the naturally vegetated beach of Puerto 
Morelos (Chapter 4), display how even when accretion does not occur, the seagrass meadows 
of T. testudinum help to maintain a stable bed-level. Absence of seagrass meadows, however, 
can lead to severe coastal erosion (Chapter 4 & 6).  

Seagrass meadows can provide effective self-sustaining coastal protection which benefits both 
human communities and the natural environment (Chapter 4). It has been established, 
however, that not all seagrasses provide the same level of coastal protection. In regions with 
robust late-successional seagrasses, such as Posidonia oceanica in the Mediterranean and other 
Posidonia and Thalassia species around Australia and the Indo-pacific, there is great potential 
for utilising seagrasses for coastal protection. In cooler temperate climates, pronounced 
seasonal variation in environmental conditions leads to fluctuations in the seagrass density 
throughout the year (Meling-lópez and Ibarra-Obando 1999; Dahl et al. 2020). Temperate 
seagrass meadows do attenuate flow within their canopy (Gambi et al. 1990; Heiss et al. 2000; 
Paul and Amos 2011) and can capture and prevent resuspension of sediment (Heiss et al. 2000). 
However, the coastal protection services vary seasonally, declining in winter when the shoot 
density of the seagrass meadows decreases (Paul and Amos 2011; Lawson et al. 2012; Adhitya 
et al. 2014; Marin-Diaz et al. 2020). This decline in winter occurs when storms are more 
frequent, and thereby, coastal erosion is more likely to occur. It, therefore, has to be 
acknowledged that the ability of seagrass species with a strong seasonality will have a more 
limited ability to mitigate sea level rise and coastal flooding.  

Global change threatening seagrass coastal protection services  

Established seagrass meadows can provide important coastal protection services, however, the 
effectiveness of these coastal protection services is dependent upon the density of the meadow, 
the seagrasses morphology, the meadow location and the hydrodynamic regime. Through the 
decline of important late-successional species and the increase in hydrodynamic forces within 
the beach zone due to sea level rise (Chapter 6; Zhang et al. 2004), the vital coastal protection 
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services provided by seagrass are under threat. Late-successional seagrass species possess traits 
that allow them to withstand strong hydrodynamic forces. This robustness is expected to be 
beneficial when exposed to an increasing hydrodynamic regime caused by sea level rise 
(Chapter 6) and more frequent extreme storm events (Chapter 5). The low rates of shoot 
turnover and reproduction of late-successional seagrasses, however, makes them susceptible 
to other disturbances (Kilminster et al. 2015; O’Brien et al. 2018). Trampling (Eckrich and 
Holmquist 2000), marine heat waves (Short and Neckles 1999), eutrophication (Burkholder et 
al. 2007; McGlathery et al. 2007) and intensive grazing (Chapter 3, Christianen et al. 2014, 
2018) have all been attributed to the global decline of mature seagrass meadows (Orth et al. 
2006; Waycott et al. 2009). Previously, natural community succession would allow the 
seagrass meadows to recover (Williams 1990). Sustained pressure from local stressors and the 
spread of invasive opportunistic species, however, threatens this natural recovery.  

As global seagrass meadows shift from stable, dense late-successional meadows to fragmented 
meadows consisting of fast growing opportunistic species, coastal regions become more 
vulnerable to erosion and flooding. More frequent extreme storm events (Smith et al. 2010; 
Knutson et al. 2013) in combination with a shift to more opportunistic species in the marine 
environment (Williams 2007; van Tussenbroek et al. 2014; Willette et al. 2014; Christianen et 
al. 2018), increases the likelihood of sediment being exposed and unprotected during and after 
storm events (Preen et al. 1995). In addition, the continuously greater hydrodynamic forces 
reaching the beach region, driven by sea level rise, further increases the instability of bare 
sediment (Chapter 6). Through increasing hydrodynamic forces and degradation of seagrass 
communities, it is expected that coastal erosion will be exacerbated and could lead to a positive 
feedback that further discourages the growth of late-successional seagrass species (Chapter 4, 
van der Heide et al. 2007; Saunders et al. 2014). An increase in the vulnerability of coastal 
ecosystems to erosion will have wide-ranging implications by increasing the risk of flooding 
to coastal areas, as well as altering the ecosystem dynamics where seagrass presently dominate.  

Lowering light due to sea level rise 

An additional consequence of a rising sea level and thereby deepening of the bays is a decrease 
in the light reaching the seabed where seagrass exist. As light travels through seawater it is 
scattered and absorbed by dissolved and suspended particles, which leads to the light 
exponentially decaying with depth (Kirk 1994). Caribbean seagrasses have high light 
requirements, only growing successfully when they receive more than 10-15% of the surface 
irradiance (Kenworthy and Fonseca 1996; Kelble et al. 2005). Typically the water clarity 
within the Caribbean coastal zone is high, with few suspended particles to increase the decay 
of light. Comparisons of light measurements on the shore and within the three studied seagrass 
meadows in this thesis, show that the light within the seagrass meadows at 1 meter depth was 
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on average 26.2 ± 2.3% of the surface irradiance, with higher light levels in the shallower 
seagrass meadow at the sheltered site (Fig. 1). The light reaching the seagrass in these shallow 
sites is currently well above the light required for the growth of the dominant Caribbean 
seagrass species: Thalassia testudinum and Syringodium filiforme (Kenworthy and Fonseca 
1996; Kelble et al. 2005). An additional 0.87 m water depth, however, will greatly reduce the 
light reaching the existing seagrass meadows. Although seagrass may migrate into the 
shallower new subtidal regions around the edge of the bays, seagrass meadows in deeper 
regions where light is limiting are likely to be negatively impacted (Saunders et al. 2013). A 
loss of seagrass in the deeper regions will increase the spatial extent of the unvegetated region 
within the middle of the bay (Chapter 6), and could offset the gains from new habitable zones 
(Saunders et al. 2013). 

 

Fig. 1. The percent surface irradiance that reaches the seabed in the seagrass meadows at the sheltered (Baie de 

L’Embouchure), exposed (Orient Bay) and unidirectional flow site (Islets de L'Embouchure) during daylight 

hours. Grey points represent mean ± 95% confidence intervals. Measurements were conducted with Onset 

HOBO® Pendant Temperature/Light loggers hourly for one month between October and November 2015.  

 
Mitigating climate change with seagrass meadows 

Seagrass meadow are widespread within the Caribbean region and are an important habitat that 
shapes the Caribbean coastal landscape. The stable beach system maintained by the late-
successional seagrass meadows provides vital ecosystem services that are beneficial for both 
human communities and associated organisms. Wave attenuation and sediment stabilisation in 
the beach shoreface region minimises coastal erosion (Chapter 3 & 4), and as a consequence, 
the likelihood of coastal flooding (Barbier et al. 2008; Jones et al. 2012; Arkema et al. 2013). 
Maintaining these stable beaches is also important for tourism within the Caribbean (Chapter 
4). In addition, the sheltered habitat with a variable physio-chemical environment created by 
seagrass meadows, supports local fisheries (Unsworth et al. 2019b). Unfortunately, these vital 
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ecosystem services are under threat from global change. The continued degradation of fringing 
coral reefs (Hughes and Connell 1999; Burke et al. 2011), in particular, threatens the resilience 
of tropical seagrass ecosystems and the provision of their ecosystem services (Chapter 6). If 
these seagrass ecosystem services are lost, then the negative impacts of climate change will be 
exacerbated (Chapter 5 & 6). Coastlines will become more vulnerable to coastal erosion, 
which is escalating due to sea level rise and increasing storm intensity (Zhang et al. 2004). In 
addition, organisms adapted to the fluctuating pH conditions within vegetated habitats will be 
more exposed to uniform low-pH conditions from ocean acidification (Chapter 2 & 6).  

In this thesis the importance of maintaining healthy vegetated beach ecosystems to ensure the 
continued provision of vital ecosystem services is highlighted. A natural healthy ecosystem 
can be resilient to many of the stressors imposed by climate change, such as alterations in the 
carbonate chemistry, greater hydrodynamic forces and increasing storm intensity. 
Unfortunately, years of continued intensification of activities that are harmful to the natural 
environment have left the worlds coastal ecosystems degraded (Orth et al. 2006; Hughes et al. 
2017a) and at a tipping point where they are vulnerable to further stressors (Hughes and 
Connell 1999; Waycott et al. 2009; McCormick et al. 2013). Action is required now if we wish 
to maintain some sort of semblance of the natural environment within the Caribbean and other 
coastal regions around the world.  

Restoring Caribbean seagrass ecosystems for coastal protection 

Reversing the degradation of coastal ecosystems is not a simple matter. Only 37% of seagrass 
restorations have survived (van Katwijk et al. 2016). Restoration projects require time, money 
and support from local communities and stakeholders. Conducting restoration projects in the 
coastal zone is challenging, with waves and storms often undoing hours of intensive restoration 
labour (Bayraktarov et al. 2016). The first aspect of restoration should be identifying and 
improving the environmental conditions of a site to ensure successful re-plantings. Maintaining 
a high water quality in the coastal environment through adequate wastewater treatment and 
disposal is often a main concern in populated areas (McGlathery et al. 2007; Saunders et al. 
2013). In addition, ensuring coastal infrastructure allows the natural sediment and wave 
dynamics to persist is of high importance (Phillips and Jones 2006; Silva et al. 2014). A site 
that has high wave reflection or where sediment is chronically eroding will require a greater 
effort to stabilise the sediment surface before a restoration project has a chance of success. 

Seagrass require a stable sediment surface for colonisation, which is difficult to provide in the 
beach backshore region where wave forces are constantly moving exposed sediment. Naturally 
a stable sediment surface is created through the succession of the meadow species over time 
(Williams 1990). First those species tolerant of an unstable sediment surface colonise the bare 
sand, such as calcifying macroalgae and colonising seagrass like Syringodium filiforme and 
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Halodule wrightii. As the sediment surface becomes more stabilised then late-successional 
species will appear, such as Thalassia species (Birch and Birch 1984; Williams 1990). This 
succession can take many years and, therefore, is generally not suitable for restoration projects; 
which have a limited time frame. Methods of using weight to stabilise the plant, consistently 
perform better than other planting techniques (van Katwijk et al. 2016). Using hessian bags 
filled with sand and seagrass seeds and anchored to the seafloor have shown promising results 
(Zhang et al. 2015; Unsworth et al. 2019a). This method provides a stable sediment surface for 
the seagrass to grow upon, and over time the hessian bags naturally degrade.  

It is clear that tropical seagrass meadows are not an independent ecosystem, instead fringing 
reefs are vital for providing wave-sheltered conditions (Chapter 6; Saunders et al. 2014), 
while vegetation on coastlines, such as mangroves, help to filter nutrient and sediment runoff 
from the land (Berkström et al. 2012; Gillis et al. 2014). Ideally, when restoring seagrass 
meadows, the neighbouring ecosystems in which the seagrass meadows are connected with, 
should also be restored. The continued degradation of coral reefs will lead to a significant 
increase in the wave forces entering tropical bays (Chapter 6). Stronger hydrodynamic forces 
will have implications for the structure and functioning of bay ecosystems, particularly 
seagrass meadows and their influence on the surrounding environment (Chapter 6). Improving 
water quality and enforcing more sustainable fishing practices is vital to increase the resilience 
of coral reefs to global warming and ocean acidification (Jordan et al. 2010; Hughes et al. 
2017b; Roberts et al. 2017). Where reefs are already critically degraded, combining artificial 
reefs with coral-restocking will ensure that the sheltered environment that the fringing coral 
reefs provide can be maintained, even as the sea level rises at a rapid rate (Hughes et al. 2017a). 

To ensure that coastal sandy bays of the Caribbean keep up with sea level rise, sediment input 
needs to be sustained. Although the degradation of coral reefs will result in an influx in 
sediment input from the erosion of the broken reefs, this will not provide a long term solution. 
The decline in coral growth, will eventually lead to a decline in the sediment input from coral 
reefs. Tropical calcified green macroalgae (i.e. Halimeda spp., Penicillus spp.) also currently 
provide a substantial amount of calcareous sediment to Caribbean bays and lagoons (Harney 
and Fletcher 2003; van Tussenbroek and van Dijk 2007a). Climate change response studies do 
show that these species are relatively resilient to ocean acidification (Campbell et al. 2016; 
Peach et al. 2016), and thereby, may continue to provide a sediment source. A potential decline 
in sediment input from the loss of coral reefs, would prevent the Caribbean bays from accreting 
and could shift the bays to an erosion regime. Effort is required to maintain conditions suitable 
for coral reefs and calcifying macroalgae so that the natural sediment dynamics can be 
sustained, otherwise, a new sediment source should be established. Sequential sand 
nourishments where small amounts of sand are distributed throughout the bays, or placed in an 
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area where flow and waves naturally distribute the sand (Stive et al. 2013) throughout the bay 
could be employed.  

Outlook 

The world’s ecosystems have evolved through time, adapting to their conditions so that they 
survive and continue to thrive. By researching ecosystems and understanding how they 
function, we can discover unique and effective strategies that can potentially be employed to 
mitigate problems facing our society. With this thesis it is shown that the bio-physical and bio-
chemical feedbacks between seagrasses and hydrodynamic forces create a unique environment 
with diverse conditions. Through the presence of seagrass, the coastal landscape is greatly 
altered, which helps to protect the coastal region from erosion and flooding. The ecosystem 
services provided by seagrass, however, are under threat. Sea level rise and coral reef 
degradation increases the hydrodynamic forces entering the beach region where seagrasses 
exist, thereby counteracting the effect that seagrasses have on the surrounding environment. In 
addition, local pressures from large visitor numbers, and infrastructure that is built at the 
expense of the natural environment is degrading coastal ecosystems.  

The research on the ecosystem services provided by seagrass meadows is clear. Seagrass 
ecosystems provide abundant coastal protection and habitat creation services that benefit both 
the surrounding environment and human communities. Protecting and harnessing these 
ecosystem services will improve the Caribbean’s resilience to increasing storm intensity and 
sea level rise. Contrastingly, the loss of seagrass ecosystems will only help to increase the 
vulnerability of the Caribbean region to climate change effects. Thereby, urgent effort is 
required to protect and restore seagrass ecosystems in the Caribbean.  

Only healthy ecosystems will have a chance of withstanding the more extreme weather events 
and rising CO2 and temperature brought about with climate change. The rapid rate in which 
climate change is occurring gives us, and present-day ecosystems, little time to adapt to the 
new climatic conditions on earth. Urgent effort is required to improve the health of seagrass 
ecosystems. Although this requires substantial investment in resources and money, the benefits 
will go far beyond coastal protection. “A society grows great when old men plant trees whose 
shade they know they shall never sit in.”  
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Summary 

Seagrass meadows strongly impact chemical and physical processes, and support a rich 
diversity of taxa within the Caribbean coastal environment. Through their metabolism, 
seagrasses alter the carbonate chemistry of the surrounding seawater, which can help buffer 
vulnerable organisms from ocean acidification. In addition, the dense canopies of seagrass 
meadows attenuate waves and stabilise sediment, thereby providing coastal protection services. 
These coastal protection services are becoming increasingly important as coastal flooding and 
erosion is exacerbated by sea level rise. Unfortunately, global degradation of seagrass 
meadows is threatening the provision of these ecosystem services. By building an 
understanding of the functioning of seagrass ecosystems and their provision of important 
ecosystem services (Chapter 2-5), this work aims to identify how these ecosystem services 
will be altered by global change (Chapter 6) and subsequently, how seagrass-dominated 
coastal ecosystems may change in the future (Chapter 6 & 7). 

The removal and release of CO2 through photosynthesis and respiration by seagrasses leads to 
temporal pH fluctuations within seagrass meadows. Monitoring of these pH fluctuations at 
sites with contrasting hydrodynamic regimes, displayed how the pH within seagrass-dominated 
regions varies both spatially and temporally (Chapter 2). At the outer edge of tropical bays, 
small diurnal pH fluctuations of 0.11 exist, driven by the metabolism of the coral reefs and 
algae living on these reefs. Further into the bays where dense seagrass meadows are present, 
the diurnal pH fluctuations increase in magnitude, reaching a maximum pH range of 0.3. The 
magnitude of these pH changes is driven by the density of the seagrass vegetation and the 
counteracting effect of water motion (Chapter 2). This high temporal and spatial pH variability 
has implications for the response to ocean acidification of organisms living within vegetated 
coastal regions. 

The sediment stabilisation capacity of Caribbean seagrass species was measured directly with 
specially-designed portable field flumes (Chapter 3). Late-successional seagrass species (i.e. 
Thalassia testudinum) were identified as providing effective coastal protection services. By 
stabilising sediment through their dense canopy that deflects the flow away from the sediment 
surface, and by their robust root network, T. testudinum prevents erosion on the beach 
shoreface. Field surveys and numerical simulations display how T. testudinum meadows are 
incredibly effective at attenuating waves during extreme storms, and thereby, minimising 
coastal erosion during extreme events (Chapter 5). These coastal protection services provided 
by the native Caribbean seagrass meadows cultivate into the long-term maintenance of stable 
Caribbean sandy beaches (Chapter 4). Intensive megaherbivore grazing, invasion by fast-
growing opportunistic seagrasses and intensifying coastal infrastructure, however, greatly 
increase the vulnerability of Caribbean beaches to coastal erosion (Chapter 3 & 4). This 



Summary 

 144 

erosion threatens the stability of Caribbean beaches, which the region is highly dependent on 
for tourism and coastal flood protection (Chapter 4). 

Knowledge on the pH variability and coastal protection services provided within seagrass-
dominated bays, was integrated with simulations of future hydrodynamic scenarios, to examine 
the resilience of these ecosystem services to the future changes of sea level rise and habitat 
degradation (Chapter 6). The fringing coral reef was found to have the strongest influence on 
the hydrodynamic forces within tropical bays, and if the fringing reef remains, the conditions 
within the bay will remain relatively stable, even with a 0.87 m rise in sea level. If, however, 
the fringing coral reef degrades, a strong increase in hydrodynamic forces entering the bay will 
greatly increase sediment instability across the bay (Chapter 6). Degradation of the seagrass 
meadows themselves will leave the bay ecosystem vulnerable to ocean acidification and coastal 
erosion and flooding. It is, therefore, vital that the natural coastal ecosystems of fringing coral 
reefs and seagrass meadows are maintained, to ensure the resilience of tropical coastal regions 
to climate change.  
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Ecosysteemdiensten van zeegrasvelden 
in een veranderende wereld 
 
Samenvatting 

Zeegrasvelden beïnvloeden de chemische en fysische processen in de Caraïbische 
kustomgeving. Tegelijk vormen ze een veilige omgeving voor een grote diversiteit aan andere 
organismen. Metabolische processen van zeegras controleren de koolstofchemie en zuurgraad 
van het zeewater in hun directe omgeving, waardoor zeegrasvelden een schuilplaats kunnen 
vormen tegen oceaanverzuring. De dichte vegetatie vermindert de kracht van inkomende 
golven en gaat erosie van de zeebodem tegen, waarmee deze ecosystemen een natuurlijke 
bescherming vormen voor kustgebieden. Deze natuurlijke bescherming wint steeds meer aan 
belang omdat de kans op overstroming en kusterosie toeneemt door de zeespiegelstijging. 
Desondanks gaanzeegrasvelden wereldwijd achteruit en worden deze ecosysteemdiensten dus 
bedreigd. Deze thesis beschrijft hoe de ecosysteemdiensten van zeegrasvelden functioneren, 
en mogelijk zullen evolueren in ons veranderende klimaat. 

De opname en afgifte van CO2 door de fotosynthese en respiratie van zeegrassen zorgt voor  
zuurgraadfluctuaties in zeegrasvelden. Maar er is weinig bekend over hoe dit effect afhangt 
van waar het zeegrasveld groeit. In hoofdstuk 2 laten we zien hoe  zuurgraadfluctuaties in 
plaatsen met verschillende hydrodynamische regimes variëren in ruimte en tijd. Kleine 
dagelijkse fluctuaties in zuurgraad (0.11 pH-waarden) ontstaan aan de buitenste randen van 
tropische baaien door het metabolisme van koraalriffen en algen die op deze riffen leven. De 
dagelijkse zuurgraadfluctuaties zijn veel groter (tot 0.3 pH-waarden) dieper in de baai, waar 
de zeegrasvelden zich bevinden. Hoge dichtheid van zeegras versterkt de fluctuaties, terwijl 
sterke waterstromen de fluctuaties dempen. De hoge variabiliteit in tijd en ruimte van de 
zuurgraad is een belangrijk habitatkenmerk voor de  organismen die in deze kustvegetatie 
voorkomen, en heeft implicaties voor de mate waarin zeegrasvelden als pH-buffer voor andere 
organismen kunnen dienen.  

De capaciteit van individuele Caraïbische zeegrassoorten om de zeebodem te stabiliseren werd 
in het veld gemeten met draagbare stroom- en golfgoten. Thalassia testudinum, een soort die 
laat in de successie optreedt, geeft de sterkste bodem-stabilisatie . Hun dichte bedekking leidt 
de waterstroom weg van het zeebodemoppervlak, en door hun robuuste wortelnetwerk 
voorkomen ze erosie van zowel de lokale zeebodem en het achterliggende strand (hoofdstuk 3 
en 4). In hoofdstuk 5 tonen veldmetingen en modelsimulaties aan dat T. testudinum vegetaties 
de kracht van de inkomende golven zelfs tijdens extreme stormen sterk afzwakken, waardoor 
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ze kusterosie minimaliseren. Deze inheemse zeegrasvelden stabiliseren de Caraïbische 
zandstranden daarmee op lange termijn. Het verlies van bladbedekking door deze soort ten 
gevolge van begrazing door grote herbivoren, het wegconcurreren door invasieve 
snelgroeiende opportunistische zeegrassen (hoofdstuk 3), en het ontwikkelen van 
kustinfrastructuur (hoofdstuk 4), verhogen dan ook de kwetsbaarheid van de Caraïbische 
zandstranden voor kusterosie, en bedreigen daarmee het toerisme en de bescherming tegen 
overstromingen (hoofdstuk 4). 

Metingen van essentiële processen, zoals beïnvloeding van de zuurgraad en kustbescherming 
door zeegrassen, werden gecombineerd met simulaties van toekomstige hydrodynamische 
condities in hoofdstuk 6. Daarmee werd de veerkracht van het zeegrasecosysteem tegen 
toekomstige zeespiegelstijging en habitatdegradatie onderzocht. Het naburige koraalrif heeft 
de sterkste invloed op de hydrodynamiek in de baaien. Zolang het koraalrif blijft bestaan en 
met zijn groei de stijging van de zeespiegel volgt, blijven de condities binnen de baai stabiel. 
Dit is zelfs het geval met een 0.87 m zeespiegelstijging. Wanneer echter de groei van het 
koraalrif achterblijft, of het rif verdwijnt, dan wordt de baai blootgesteld aan veel sterkere 
hydrodynamische krachten. Hierdoor wordt de zeebodem instabiel in de baai. Het verdwijnen 
van de zeegrasvelden maakt de ecosystemen in de baai zeer kwetsbaar voor oceaanverzuring, 
kusterosie en toekomstige overstromingen. Het is dus van groot belang dat de natuurlijke 
kustecosystemen, die bestaan uit koraalriffen en zeegrasvelden, in zijn geheel goed 
onderhouden blijven, omdat zij in combinatie met elkaar een sterke buffer vormen waarmee 
tropische kustregio’s klimaatverandering beter kunnen weerstaan. 
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