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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.  

 



Chapter 1 

 3 

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 



Introduction 

 6 

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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