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ABSTRACT 

Seagrasses are marine foundation species that form ecologically important habitats in coastal 

areas around the world. They provide a range of ecosystem services, including coastal 

protection and the recently recognised large contribution to global carbon sequestration and 

storage. To date, the majority of published studies on the aforementioned ecosystem services 

is limited to specific geographic regions and seagrass species. This PhD study attempted to 

explore and provide the first evidence, to the best of our knowledge, on the role of Scottish 

seagrasses as carbon sinks and sediment stabilisers. In 2013, shoot dynamics of Zostera noltii 

plots were monitored biweekly and seasonally in the Forth estuary and digital images of the 

surveyed plots were taken for the development of a remote sensing technique which would 

accurately estimate the vegetation cover. In 2014, sediment samples from vegetated and 

unvegetated plots within beds of Z. marina and Z. noltii were collected from all the major 

estuaries along the east coast of Scotland, from the Firth of Forth in the south to Dornoch 

Firth in the north. Samples were analysed for organic matter, organic carbon, radionuclides 

210Pb, 137Cs and 241Am, and δ13C in order to determine the organic matter and organic carbon 

density, longevity and sources of carbon respectively. To explore the role of seagrass in 

sediment deposition and stability, surface elevation was measured monthly in seagrass plots 

and bare sediment in the Forth estuary over two years. The results and main mechanisms 

underlying these findings are reported and discussed in detail in each chapter. In short, the 

proposed method based on digital images provided estimates of seagrass coverage that are 

more accurate than observers’ estimates, with some constraints when macroalge and/or 

extreme light are present. Intertidal seagrass meadows in Scotland showed significantly 

enhanced carbon storage compared with bare sediment. Seagrass plots contained variable 

quantities of carbon in their sediments with species composition having a significant effect on 

carbon stocks, whereas depth and seagrass abundance had no effect on carbon stores. Despite 

their small above-ground biomass Scottish seagrass plots had a strong influence on sediment 

deposition and prevented erosion. Further research is needed to understand what factors drive 

large carbon sequestration and storage at some sites, thus contributing policy-relevant 

information on the prediction of the seagrass carbon hot-spots. Also, long-term datasets on 

surface elevation change are important in order to understand the effect of all the processes 

involved on sediment deposition in seagrass beds.   
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General Introduction 
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“As you set out for Ithaka 

hope the voyage is a long one, 

full of adventure, full of discovery. 

Laistrygonians and Cyclops, 

angry Poseidon—don’t be afraid of them: 

you’ll never find things like that on your way 

as long as you keep your thoughts raised high, 

as long as a rare excitement 

stirs your spirit and your body. 

Laistrygonians and Cyclops, 

wild Poseidon—you won’t encounter them 

unless you bring them along inside your soul, 

unless your soul sets them up in front of you.” 

By C.P. Cavafy, Collected Poems. 

 

 

 

Photo: Zostera marina “portrait”, from the author. 



3 
 

Seagrasses 

What are seagrasses? 

Seagrasses are aquatic flowering plants (Division Angiospermae), whose name came from the 

grass-like morphology of most of its representatives. Seagrasses belong to a very limited 

number of plant families, all classified within the superorder Alismatiflorae. They form an 

ecological rather than a taxonomic group as they are a polyphyletic assemblage of ~60 

species (13 genera and 5 families) (Les et al., 1997; den Hartog & Kuo, 2006; Waycott et al. 

2006). Seagrass meadows have occupied coastal environments over millions of years, first 

appearing in the fossil record ca. 90 million years ago (Beer & Koch, 1996). The lack of a 

single common ancestry for seagrasses has led to flexibility in the definition of what 

constitutes a member of this group. A plant is called a seagrass, if it fulfils the following four 

criteria: a) must be adapted to life in a saline medium, b) must be able to grow when fully 

submerged, c) must have a secure anchoring system, and d) must have a hydrophilous 

pollination mechanism (Arber, 1920). Although seagrasses evolved in three or four separate 

lineages, each making a separate transition from terrestrial to marine habitats, all species have 

been exposed to similar evolutionary pressures (Les et al., 1997). They have successfully 

colonised large areas of muddy and sandy sediments world-wide and occur intertidally and 

subtidally down to 60 m in depth (den Hartog, 1970; Green & Short, 2003). 

The distributional ranges of species differ radically, ranging from species whose distribution 

is limited to a single country (Posidonia australis in Australia), to widely distributed species 

such as Zostera marina. They occupy a large variety of marine and estuarine habitats, and 

they often form extensive meadows creating a productive and diverse habitat that is an 

important reservoir of coastal biodiversity. The current global documented area of seagrass 

coverage is approximately 177,000 km2, but this is rather an underestimation, since many 
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regions have not been mapped yet (Green & Short, 2003). Several studies estimate that the 

current seagrass coverage is between 300,000 km2 and 600,000 km2 (Duarte et al., 2005; 

Nellemann et al., 2009; Mcleod et al., 2011).  

Seagrasses rely on both vegetative (via the clonal lateral spread of rhizomes) and sexual 

(flowers and seeds) reproduction for the maintenance of existing meadows and colonisation 

of new areas (den Hartog, 1970; Orth et al., 1994; Orth et al., 2006). Under intense and 

persistent disturbance, vegetative reproduction may be insufficient to sustain meadows (Plus 

et al., 2003; Jarvis & Moore, 2010). In these cases, the ability to reproduce sexually through 

flowering and seed development may play a crucial role in the maintenance and recovery of 

meadows (Hootsmans et al., 1987). The onset, duration, and magnitude of flowering can vary 

widely with temperature, light, depth, sediment characteristics, and perhaps other 

environmental factors (Phillips et al., 1983). 

 

Zostera: The most widespread genus of seagrasses. 

Zostera species are found over the largest latitudinal range of any seagrass genus, ranging 

from the tropics to the Arctic and sub-Antarctic. It is the most widespread seagrass genus in 

the world with nine species currently recognized (Green & Short, 2003), and it is also the 

most widely distributed in the northern hemisphere with a North Pacific and North Atlantic 

distribution. Along European Atlantic coastlines, Z. noltii (dwarf eelgrass) is the dominant 

intertidal species, although it also occurs subtidally in some areas. Dwarf eelgrass ranges 

from southern Norway to Mauritania including the Mediterranean, Black, and Azov Seas 

(Moore & Short, 2006). The morphology of Zostera species varies widely, from the relatively 

short and narrow-leaved intertidal species such as Z. noltii to those with long and wide leaves 

such as Z. marina (Phillips & Meñez, 1988).  The morphological characteristics of Zostera 

are affected by numerous variables, such as temperature, salinity, depth, light availability, 
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sediment type, nutrient availability, and tide and wave regimes (Phillips & Lewis, 1983). Z. 

marina is a characteristic example of this morphological variety. When intertidal, it develops 

shorter and less wide leaves, and as a consequence many scientists have previously 

considered this morphotype as a separate species, Z. angustifolia. At the beginning of 20th 

century, almost 90 percent of the Z. marina populations of Western Europe and North 

America were lost, because of the “wasting disease”, a pathogenic slime-mould like protist, 

Labyrinthula zosterae (Renn, 1936; Muehlstein et al., 1988). Many beds have progressively 

recovered after that period, but the covered area still remains low compared with the previous 

distribution.  

 

An overview of seagrass ecosystems: services and threats 

Seagrasses and other submerged angiosperms are the foundation for some of the world’s 

most diverse and productive ecosystems, providing significant services relevant to human 

interests (Costanza et al., 1997, 2014; Hemminga & Duarte, 2000). Seagrass ecosystems rank 

among the most valuable ecosystems on Earth, despite covering only 0.1-0.25% of the coastal 

area (Duarte, 2005). They enhance the productivity in coastal areas dominated by soft 

sediments (Heck et al., 1995) and also provide other ecosystem services. They are unique in 

that they are the only true marine rhizomatous angiosperm plants and may significantly 

influence the physical, chemical and biological environments in which they grow by acting as 

“foundation-stone species”. There are five major ecological functions attributed to seagrass 

meadows: 

i) High productivity and growth. Seagrasses exhibit high net productivity and are 

amongst the most productive ecosystems in the biosphere. A compilation of data 

based on populations in subtropical and temperate ecosystems indicates that net 

primary production (NPP) ranges from 300 to 1500 gC m-2 year-1. Although NPP 
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is highly variable, it is clear that seagrasses are highly productive when compared 

with other aquatic or terrestrial producers (macroalgae: 375 gC m-2 year-1, forests: 

400 gC m-2 year-1) (Duarte & Cebrian, 1996). 

ii) Food and trophic pathways. Two trophic pathways have been recognised: a) direct 

grazing of seagrass and organisms on the living plant material, and b) detrital 

pathway utilising decaying seagrass material (Williams & Heck, 2001; Orth et al., 

2006). 

iii) Shelter. A number of commercially and recreationally important species, including 

fish and invertebrates have been linked to seagrass habitats at some stage of their 

life cycle. Seagrass meadows provide shelter and refuge for fish juveniles and 

transient for adult animals (Orth et al., 1984; Minello, 1999). 

iv) Sediment stabilisation. Seagrasses stabilise the sediments in two ways: a) the leaves 

slow down current flow and reduce water velocity near the sediment-water 

interface promoting settlement of particles as well as inhibiting re-suspension of 

both organic and inorganic material, and b) the rhizomes and roots form a 

complex system which binds the sediment, and also prevent erosion and enhance 

accretion. Seagrass beds tend to decrease the physical stress on the sediment-water 

interface, creating and maintaining a hydrodynamic state that promotes ecological 

stability, through the reduction of local sediment re-suspension (Fonseca & 

Cahalan, 1992). This, in turn, improves water clarity and light penetration 

(Dennison et al., 1993). In this respect, they provide a more stable environment 

for additional estuarine flora and fauna. 

v) Nutrient Source. The production of detritus and the promotion of sedimentation from 

the leaf and rhizome-root system provide organic matter for the sediments and 

maintain an active environment for nutrient cycling (Duarte, 1990). 
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Threats to coastal ecosystems have never been greater than they are today (Alongi, 1998; 

Lotze et al., 2006). It is currently estimated that 65% of the world’s seagrass ecosystems have 

been impacted by human activities and up to 30% have been lost over the past 30 years 

(Duarte, 2005; Orth et al. 2006). The greatest anthropogenic threats to seagrass ecosystems 

are eutrophication, coastal construction leading to habitat loss, destructive fishing practices 

and global climate change (Short & Neckles, 1999; Ralph et al., 2006). The most common 

mechanism demonstrated for seagrass degradation under nutrient over-enrichment is through 

stimulation of high-biomass algal overgrowth as epiphytes and macroalgae in shallow coastal 

areas (Burkholder et al., 2007). The majority of northern hemisphere seagrass ecosystems 

consists of only one species and even mixed-species stands are typically dominated by a 

single species. Consequently, the loss of only one seagrass species might initiate a negative 

cascade of effects for the whole biome (Hemminga & Duarte, 2000) that may occur quite 

suddenly. Such cascading effects create regime shifts (van der Heide et al., 2007) which are 

difficult or sometimes even impossible to reverse. For this reason, conservation is always 

preferable to restoration (Hawkins et al., 1999; Orth et al. 2006).  

Under the EU Water Framework Directive (Directive 2000/60/EC), seagrass habitats have 

been legally recognised as key ecosystems and as Biological Quality Elements (BQEs), 

thereby fulfilling a primary requirement of the directive for the mandatory use of organisms 

as bioindicators for the assessment and evaluation of ecological status. Classification systems 

for EU coastal waters are currently under study and member states have installed programs 

for the conservation and restoration of seagrass ecosystems (de Jonge et al., 2000; Borum et 

al. 2004).  
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Seagrasses in Scotland 

In the UK, Zostera marina is considered to be the most common species, with wide but 

patchy subtidal meadows distributed mainly around west Scotland and southwest England, 

whereas the most extensive intertidal Z. marina beds occur along the east coast of Scotland 

(Moray and Cromarty Firth) and southeast and southwest England, in the Thames estuary and 

the Exe estuary respectively. Z. noltii occurs mainly along the east coast of the UK, 

coinciding with the distribution of intertidal Z. marina beds. Eelgrass beds are well developed 

in Scotland compared with other parts of Britain and Ireland, most likely due to the presence 

of extensive suitable habitats and uncontaminated waters (Hiscock et al., 2004). Both species 

of Zostera occur in Scottish waters, Zostera marina and its intertidal morphotype, and 

Zostera noltii. Subtidal meadows of Z. marina occur mainly at the west coast of Scotland, 

while the intertidal mixed Z. marina and Z. noltii community is mainly found in the east coast 

(Fig. 1.1) 

In the 1930s, a “wasting disease” (caused by Labyrinthula zosterae) dramatically reduced the 

populations of Zostera marina worldwide (Muehlstein, 1988). Changes in salinity, 

temperature and irradiance have been suggested as likely triggers for epidemics (Rasmussen, 

1977; Muehlstein, 1988). Adverse environmental conditions may have decreased Zostera’s 

resilience against the “wasting disease” making it more susceptible to infection. Recovery of 

eelgrass beds since the 1930s has been slow and patchy. Once impacted, by natural or 

anthropogenic factors, seagrass colonisation and regrowth can be extremely slow, or non-

existent, because of possible ongoing impacts and the poor dispersal capabilities of most 

seagrass species. L. zosterae continues to affect seagrass beds also in the UK, but with no 

outbreaks as dramatic as the epidemic of the 1930s (Short et al., 1988).  

 

 



9 
 

 

Figure 1.1. Distribution of Zostera marina (Z), Zostera noltii (N) and Ruppia maritima 

(R) in Scotland as recorded in the Geodatabase for Marine Habitats and Species in 

Scotland, GeMS V2i10 (from Burrows et al., 2014). 
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Blue Carbon 

 
 

Climate change- A global issue 

Industrialisation and rapid population growth have caused an increase in greenhouse gas 

concentrations and emissions. Increasing atmospheric CO2 levels are having severe impacts 

worldwide including changing weather patterns, ecosystem destruction and the loss of 

livelihoods. Since the industrial revolution, atmospheric CO2 concentrations have increased 

by 40% (Stocker et al., 2013). Annual CO2 emissions from fossil fuel combustion were 8.3 

Gt C yr-1 averaged over 2002–2011, 54% above the 1990 level (Stocker et al., 2013). The 

total atmospheric concentration of carbon dioxide has increased from pre-industrial levels of 

280 parts per million (ppm) to current ones of 407.7 ppm (May 2016) for the first time in 

human history (source: NOAA, Earth System Research Laboratory). The last time this 

amount of greenhouse gas was reached was 3-5 million years ago, when sea level was 40m 

higher than today and the Arctic was ice free. Similar conditions are expected to return in 

time with devastating consequences for human civilisation unless CO₂ emissions are rapidly 

curtailed.  

The three main reservoirs that regulate the carbon cycle on earth are the atmosphere, 

terrestrial ecosystems and the oceans (Batjes, 1996). Whilst the strength of both terrestrial 

and marine sinks has increased in the past century, there is little information on the factors 

that can enhance this important capacity. If such ecosystems do not show an increasing 

capacity of sequestering carbon over time, they will be unable to mitigate human induced 

CO2 emissions (Mcleod et al., 2011). Moreover, changes in the aforementioned ecosystems 

could result in a switching from being a net sink to a source of carbon. 

While the critical role of terrestrial ecosystems as sink of organic carbon has been widely 

studied, the importance of carbon storage in vegetated coastal ecosystems, -described as 
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“blue carbon” habitats- including mangroves, salt marshes, seagrasses, is increasingly being 

acknowledged. “Blue carbon” is the carbon stored in mangroves, saltmarshes, and seagrass 

meadows within the soil, the living biomass aboveground (leaves, branches, stems), the living 

biomass belowground (roots), and the non-living biomass (e.g., litter and dead wood) 

(Mcleod et al., 2011). These habitats cover less than 5% of the ocean floor, but account for as 

much as 71% of the carbon storage in ocean sediments (Nellemann et al., 2009). Similar to 

the carbon stored in terrestrial ecosystems, blue carbon is sequestered in living plant biomass 

for relatively short time scales (years to decades). The carbon sequestered in coastal soils can 

be extensive and remain trapped for very long periods of time resulting in very large carbon 

stocks (Duarte et al. 2005; lo Iacono et al. 2008). This is facilitated by the saturated sediment 

which is generally in an anaerobic state, and it continually accretes vertically at high rates 

resulting in continuous storage of carbon over time (Chmura et al. 2003). Nevertheless, these 

important “Blue Carbon” habitats are being degraded and disappearing at rapid rates. Human 

activities such as coastal development, dredging and industrial runoff have caused a rapid 

loss in seagrass meadows worldwide. About one-third of the historic global seagrass area has 

been destroyed and seagrass loss is accelerating from 0.9% per year in the 1970s to more than 

7% per year since 2000 (Waycott et al., 2009) (Fig 1.2). To add to these pressures, ten 

seagrass species (comprising 10% of all seagrass species) are already at elevated risk of 

extinction, with three other species qualifying as Endangered. Hence, natural blue carbon 

sinks are in decline, and consequently, their capacity to mitigate global anthropogenic carbon 

emissions.  
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Figure 1.2. Global map indicating changes in seagrass area plotted by coastline regions 

covering the time period 1879-2006. Changes in seagrass areal extent at each site are 

defined as declining (red) or increasing (green) when areal extent changed by 10%, or 

no detectable change (yellow) when final area was within 10% of the initial area 

(adapted from Waycott et al., 2009). 

 

 

Carbon storage capacity of seagrasses 

Despite early evidence showing that marine macrophytes act as global carbon sinks (Smith, 

1981), seagrass habitats have only recently gained broader attention. Seagrass meadows are 

characterised by high productivity and carbon trapping capacity, which supports a large 

carbon flux to their sediments. Recently, an attempt to compile global organic carbon (Corg) 

data examined 946 distinct seagrass meadows across the globe (Table 1.1). Fourqurean et al. 

(2012) estimated an average Corg in the top metre of seagrass soils at 2.5 % of dry weight 

(dw) (median 1.8 % of dw). Using the rough latest estimates of total area covered by seagrass 

meadows (between 300,000 and 600,000 km2) (Duarte et al., 2005; Nellemann et al., 2009; 

Mcleod et al. 2011), a conservative estimate of a global stock ranges from 4.2 to 8.4 Pg Corg 

for the top metre (Kennedy et al. 2010). A preliminary regional breakdown of the areal stock 

showed that the highest areal stocks are found in the Mediterranean (372.4 Mg Corg ha-1 ± 
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56.8), but no details on habitat or species stock distribution can be given because of the 

limitations of the datasets. 

 

Table 1.1. Carbon stocks for a range of seagrass beds (from Fourqurean et al., 2012). 

 

 

Three major carbon pools are considered in seagrass meadows; the aboveground (leaves) and 

belowground living biomasses (roots and rhizomes), which are minor components, and 

sediment carbon. Sediment carbon, with both organic and inorganic material, is the largest 

carbon pool in seagrass ecosystems (Fourqurean et al., 2012) (Fig. 1.3).  

What makes seagrasses effective as carbon sinks is their ability to preserve this carbon for a 

long time from centuries to millennia. What are the mechanisms that facilitate these high 

carbon preservation rates in seagrass sediments? First, seagrass tissues have relatively low 

nitrogen and phosphorus content leading to a poor substrate to support microbial growth and 

thus decompose slowly (Enriquez et al, 1993).  Second, seagrass sediments have low oxygen 
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concentration, often anaerobic conditions, which result to inefficient microbial metabolism. 

In addition, a significant fraction of seagrass production (up to 50%) is deposited below-

ground, as roots and rhizome material, contributing to the high preservation efficiency of this 

material over long time scales (Duarte et al., 1998; Mateo et al., 1997). Moreover, the fact 

that seagrass meadows dissipate turbulence and wave energy, along with the particle 

trapping, prevent the sediment from resuspending, and thus the carbon that is stored in it. All 

the aforementioned factors can explain the high concentration of carbon stored and preserved 

in seagrass sediments, and their role as significant carbon sinks.  

 

 

Figure 1.3. Major carbon pools and main mechanisms by which carbon moves into and 

out of seagrass ecosystems. 
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Chapter 2 

Thesis aims and outline 
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“We sweat and cry salt water, so we know that the ocean is really in our blood” by Teresia 

Teaiwa. 

 

 

Photo: Seagrass mosaic in Gazi bay, Kenya, from the author. 
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This thesis, entitled “Assessing the role of intertidal seagrass beds as coastal carbon sinks in 

Scotland” consists of eight chapters, with four of them being data chapters, each of which 

represents the objectives of this study. 

 

Chapter 1- General Introduction. 

This chapter aims to outline the importance of seagrasses, and their ecosystem services, 

highlighting their contribution to global carbon budgets and surface elevation, which is the 

key process into the continuous development of these carbon sinks.  

Chapter 2- Thesis aims and outline. 

Chapter 3- Seasonal dynamics of dwarf eelgrass Zostera noltii in the Firth of Forth, UK. 

This chapter aims to provide a better understanding of the dynamics of the intertidal Zostera 

noltii, investigating the seasonal variation of the shoot density, as well as the dynamics of 

flowers, leaf length, coverage and wasting disease prevalence during the growth season.  

Chapter 4- Development of a novel method for estimating seagrass cover using digital 

images. 

This chapter describes a novel photographic method for estimating vegetation percentage 

cover from digital images using Zostera noltii as a study model. The objectivity of this 

technique aims to offer a reliable and automated means of analysing plant cover, which is 

superior to subjective traditional methods, like visual estimates. 

Chapter 5- Estimation of carbon density of intertidal seagrass sediments in Scotland. 

This chapter aims to i) provide estimates of organic carbon density, burial rates and sources 

of carbon stored in intertidal seagrass sediments, ii) compare sediment carbon stocks between 

different seagrass species, and between seagrass and control areas, and iii) compare Zostera 

spp. storage capacity in Scotland to both global estimates, derived from all seagrass species, 

as well as Zostera from other geographic areas. 
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Chapter 6- The influence of seagrasses on sediment deposition and stability; Firth of 

Forth as case study. 

This chapter aims to provide information on sediment movement, surface elevation change 

and the role of seagrasses in modifying these processes. A modified version of surface 

elevation tables, a method that has been used worldwide to study sediment elevation changes 

in other tidal wetlands, is developed and used. This method coupled with terrestrial laser 

scanning allows the collection of detailed information on sediment dynamics and surface 

elevation in these ecosystems at different scales, and gives an insight on the relevance of 

seascape configuration on the aforementioned processes. 

Chapter 7- General Discussion. 

This chapter summarises the main findings of the study, reviews experimental results, 

identifies areas for future work and provides recommendations for management. 

Chapter 8- Main Conclusions. 
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Chapter 3 

Seasonal dynamics of dwarf eelgrass Zostera 

noltii in the Firth of Forth 
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“There is no subject so old that something new cannot be said about it” 

By Fyodor Dostoyevsky 

 

 

 

 

Photo: Zostera noltii meadow in Tayport, from the author. 



28 
 

Introduction 

Foundation species are habitat forming organisms that strongly influence their ecosystem 

structure and function, and create locally stable conditions for other species (Dayton, 1972). 

Seagrasses are marine foundation organisms that provide numerous ecological services to 

their environment by supporting a range of ecologically and economically important marine 

species, filtering coastal waters, sequestering carbon, dissipating wave energy and anchoring 

sediments (Orth et al., 2006; Barbier et al., 2011).  

Out of ~60 seagrass species worldwide (Green & Short, 2003), three are found in the UK, 

belonging to the same genus, Zostera, which has the largest latitudinal range of any seagrass 

genus, ranging from the tropics to the Arctic and sub-Antarctic (Fig. 3.1). The species found 

in the UK are the eelgrass Zostera marina, the narrow leaved eelgrass Zostera angustifolia 

and the dwarf eelgrass Zostera noltii. Whilst Z. angustifolia is listed as an accepted species 

on the World Register of Marine Species, recent study has demonstrated that Z. angustifolia 

is not a separate species (Coyer et al., 2013) but a variant of Z. marina. Z. marina develops a 

range of life history strategies when exposed to different environmental regimes (Van Lent & 

Verschuure, 1994), so the differences in morphology can be attributed to phenotypic 

adaptations to different habitats (subtidal versus intertidal).  

 

Figure 3.1. Global distribution of Zostera genera adapted from Den Hartog, 1970 and  

Phillips and Menez, 1988.  
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Zostera noltii, with a distribution between Norway and Mauritania, is a temperate intertidal 

seagrass species with a preferred growth depth between high and low water neaps (Fig. 3.2A) 

(it can also be found at depths down to 5 m in the Mediterranean) (Van Lent et al., 1991; 

Auby & Laborg, 1996). In northwest Europe and the UK, Z. noltii and Z. marina can 

sometimes occur in mixed stands (Den Hartog, 1970; Jacobs, 1982). Z. noltti has received 

little attention comparing to the cosmopolitan Zostera marina, however, several studies have 

been published within recent decades focussing on its seasonal dynamics, production and 

modes of reproduction (Buia & Mazzella, 1991; Goubin & Loques, 1991; Van Lent et al, 

1991; Perez-Llorens & Niell, 1993; Philippart, 1995). Z. noltii has ribbon shaped leaves 

which ranges from 0.5 to 1.5 mm in width and 6-22 cm in length (Fig. 3.2B)  (Phillips & 

Meñez, 1988), and its above ground biomass shows a strong seasonality of high values in 

summer and low values in winter. Shoots grow from a rhizome system which builds a dense 

mesh and the root/rhizome system is located approximately 3-5 cm below the sediment 

surface and its biomass remains constant throughout the year (Duarte et al., 1998; Pergent-

Martini et al., 2005). 

 

  
 

Figure 3.2. A) Distribution of Zostera noltii from Green & Short, 2003 (shaded area: 

1,571,000 km2, actual species distribution is much less), B) Morphology of Z. noltii. 
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Seagrass beds are very dynamic, showing a variation in morphology and growth rates at 

different geographic and temporal scales (Durako 1994). As Z. noltii occurs in the intertidal 

zone, it experiences daily exposure to the air and disturbance of the sediment surface by tidal 

waters, winds and storms, which ultimately affect the species’ dynamics. Z. noltii has a 

perennial life history strategy, fact that makes the general configurations of meadows 

persistent across years, as opposed to annual populations, whose subsequent years’ 

distributions significantly differ causing important implications for monitoring their extent. In 

short, in perennial populations the leaves often senesce in autumn, but die-back of below-

ground parts of the plant (roots and rhizomes) is minimal.  

This chapter describes a baseline study, which investigated the seasonal variation of the shoot 

density of Z. noltii, as well as the dynamics of flowers, leaf length, coverage and wasting 

disease prevalence during the growth season. Moreover, as the main focus of this thesis is the 

assessment of carbon stocks in intertidal seagrasses, the results derived from this chapter 

were used to inform which months were most appropriate for the sediment collection

1.

                                                           
1 It is recommended to measure carbon stocks in seagrass ecosystems when standing stocks are greatest 

(Howard J, Hoyt S, Isensee K, Pidgeon E, Telszewski M. (eds.) (2014). Coastal Blue Carbon: Methods for 

assessing carbon stocks and emissions factors in mangroves, tidal salt marshes, and seagrass meadows. 

Conservation International, Intergovernmental Oceanographic Commission of UNESCO, International Union 

for Conservation of Nature. Arlington, Virginia, USA) 
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Materials and Methods 

Study site 

The Firth of Forth is the largest and most southerly firth on the east coast of Scotland. It is a 

macrotidal estuary, stretching for over 100 km from the River Forth at Stirling east past 

Edinburgh and along the coasts of Fife and East Lothian to a wide estuary mouth (Webb & 

Metcalfe, 1987). A wide range of coastal and intertidal habitats is found within the estuary, 

including saltmarshes, seagrasses, dune systems and maritime grasslands. Extensive mudflats 

occur particularly in the Inner Firth, which support a rich invertebrate fauna, with eelgrass 

Zostera spp. growing on the main mudflats. In the Outer Firth, the shoreline diversifies, with 

sandy shores, some rocky outcrops, mussel beds and some artificial sea-walls (McLusky, 

1987). As it passes through major cities, the Firth of Forth borders approximately a quarter of 

the population of Scotland (~1.3 million people) and a significant proportion of its industry. 

All the monitoring for this chapter was carried out at Drum Sands (Fig. 3.3), a large intertidal 

mudflat, where ten permanent plots (0.25 m2 each) were established in May 2013. 
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Figure 3.3. A) Distribution of Zostera noltii around Scotland from Scotland’s Marine 

Atlas (2011), and position of study area relative to Scotland; B) Study area and exact 

locations of seagrass beds found; C) position of ten quadrats (0.25 m2) established for 

monitoring. 
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Monitoring of intertidal Zostera noltii  

Measurements of shoot morphometrics were conducted biweekly from May to October 2013. 

Percent coverage, length of the leaves of 10% of the total number of shoots (selected 

randomly), number of flowers and diseased leaves were recorded. Shoot density was assessed 

within the ten permanent quadrats (0.25 m2) (Fig. 3.4) by counting the number of the shoots, 

biweekly from May 2013 to October 2013, and seasonally (every three months) thereafter 

until October 2014. Also, canopy height was calculated using the 2/3 of the longest leaves 

recorded during the survey. Flowering was monitored from the 5th fieldtrip onwards and % 

diseased leaves from the 2nd fieldtrip. Two photos per quadrat were also taken vertically at a 

height of 1m, for the purposes of the image analysis technique developed in Matlab R2013a 

(described in detail in chapter 4), which was used to compute percent coverage of seagrasses 

back in the laboratory. 

 

 

Figure 3.4. Left panel: Example of permanent quadrat (0.25 m2); Right top panel: 

Counting Z. noltii shoots; Right bottom panel: Z. noltii flower (inflorescence). 
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Statistical Analysis 

All values are reported as mean ± SE. Statistical analyses were performed using Minitab 17. 

Seasonal variations of vegetative and flowering shoot density data were analysed by one-way 

analysis of variance (ANOVA). When a significant difference was observed, the means were 

analysed by Tukey post-hoc test to establish significant differences among them. Data were 

tested for homogeneity of variances to meet the assumptions of parametric statistical analysis. 
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Results 

Results from the biweekly, as well as seasonal, surveys of the ten established plots in Drum 

Sands are summarised in Table 3.1. Growth was recorded over 18 months, a span of time that 

included two peak growth seasons, one monitored biweekly and the other seasonally. 

Variations in shoot densities showed a clear annual unimodal trend (Fig. 3.5). Densities were 

low between November 2013 and February 2014. Shoot density reached its peak in late 

August both in 2013 and 2014 (Fig. 3.5, 3.6). In 2013, shoot density showed a significant 

seasonal variation (df=11; F=4.13; p<0.001); it started to increase in July and continued till 

mid-September (Fig. 3.6), as opposed to 2014, when that occurred earlier, in June and 

persisted till October. Peak density was similar in both years (Fig. 3.5) and shoot density in 

2013 did not significantly differ from that of 2014 (df=1; F=0.03; p=0.858). Z. noltii shoot 

density ranged from 105 to 1856 shoots m-2, with a mean of 1047±141 shoots m-2 (Mean ± 

SE) across all quadrats and times (Table 3.1). 

 

 

Figure 3.5. Shoot density m-2 throughout the whole study period (from May 2013 to 

October 2014 (Error bars: SE). 
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Figure 3.6. Vegetative and flowering shoot density m-2 during the biweekly monitoring 

of 2013 (Error bars: SE).  
 

The average shoot length was 179±9 mm (Mean ± SE), with maximum value (222 mm) 

found in early September, and minimum (123mm) during spring (May 2013) (Table 3.1). The 

first flowering shoots were first observed at the beginning of July, but were monitored from 

the end of July onwards. Flowering was persistent throughout the growth season (Fig. 3.6), 

with a mean of 119±24 flowers m-2, and did not show any significant variation (df=6, F=1.51, 

p=0.187). Disease was evident at low but consistent levels, with the highest number of leaves 

infected found in late June (24 % of the recorded leaves showed signs of infection). 
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Table 3.1. Means of shoot density m-2, shoot length (mm), flower density m-2, canopy 

height (mm) and % diseased leaves from the ten plots monitored in Drum Sands. 

 

Date of 
survey 

Shoot 
density 

m-2 

% 
Cover 

Shoot length 
(mm) 

Flower 
density 

m-2 

Canopy height 
(mm) 

% Diseased 
leaves 

29-May-13 596 4 123 - 66 - 

12-Jun-13 674 5 151 - 77 19 

26-Jun-13 765 6 169 - 74 24 

10-Jul-13 1106 8 186 - 81 17 

24-Jul-13 1354 21 181 68 88 12 

07-Aug-13 1724 37 198 131 94 11 

21-Aug-13 1856 40 194 197 95 15 

04-Sep-13 1706 42 222 202 102 13 

18-Sep-13 1299 41 212 110 102 8 

02-Oct-13 912 28 172 92 94 11 

16-Oct-13 840 12 162 30 84 6 

30-Oct-13 846 10 159 0 84 2 

Jan-14 105 - - - - - 

Apr-14 566 - - - - - 

Jul-14 1820 - - - - - 

Oct-14 1277 - - - - - 

 

 

Comparison with other geographical areas 

The comparison of our results with data from the literature, from intertidal and shallow 

subtidal Z. noltii populations, show both similarities and differences in terms of vegetative 

and flowering density, and shoot length (Table 3.2). In particular, the mean shoot density 

values in Drum Sands are comparable to those recorded in the Bay of Naples (Italy), whereas 

they are much lower than those recorded in France, Corsica (subtidal meadows) and the 

Netherlands (intertidal meadows). Shoot length was comparable to that observed in Arcachon 

Bay (France), while flower density was similar to that observed in the Netherlands, but lower 

than that in France.   
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Table 3.2. Comparison of shoot density, shoot length and flower density of Z. noltii at 

various locations (R: range, M: maximum, µ: mean). 

 

 

Geographic area Shoot density (m-2) Shoot length (cm) Flowers (m-2) Source 

Ria Formosa, Portugal 2141-6989 R - - Cabaço et al. 2009 

Biguglia, Corsica 1483-19558 R - - Pergent-Martini et al. 2005 

Arcachon Bay, France 11000-22000 R 6-20 R 696 M Auby & Labourg 1996 
Zandreek (site 1), 
Netherlands 7895 M - 300 M Vermaat et al. 1987 
Zandreek (site 2), 
Netherlands 3076 M - 40 M Vermaat et al. 1987 

Bay of Naples, Italy 1076 M - 57 M Buia & Mazzella 1991 

Cote d'Azur - - 220 M Loques et al. 1988 

Drum Sands, Scotland 105-1856 R 12-22 R 119 µ, 202 M Present study 
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Discussion 

Empirical patterns of Zostera noltii dynamics 

Intertidal beds of Z. noltii display seasonal changes in cover and biomass, which are among 

the largest observed worldwide for seagrasses (Jacobs, 1982; Tubbs and Tubbs, 1983; 

Vermaat et al., 1987; Perez-Llorens & Niell, 1993). In our study, Z. noltii shoot density 

showed a strong seasonal component following the unimodal curve typical for temperate 

seagrasses, with a minimum in winter and a maximum in summer. Environmental factors, 

including temperature, salinity and light can influence the shoot demographics, factors that 

can also explain the inter-annual variations. Our results suggest that the growth season can 

start earlier and last longer (2014 compared to 2013), when the temperature is optimum both 

in the preceding months and during that period. Grazing pressure has also been demonstrated 

as a possible factor controlling growth of seagrass leaves (Tubbs & Tubbs, 1983). More 

specifically, in intertidal populations of Z. marina, it has been shown that grazing by 

wildfowl can reduce shoot density from around 40% to near undetectable levels (Tubbs & 

Tubbs, 1983). Minimum shoot length was recorded during spring (May 2013), as a result of 

the formation of new shoots and the shedding of larger and older leaves. The number of 

leaves per shoot did not show any temporal variation. The stability of the number of leaves 

per shoot through the growth season, as well as throughout an annual cycle, has already been 

demonstrated for Z. noltii (Vermaat et al., 1987). This has been attributed to a) the regular 

detachment and formation of leaves during the year, as Z. noltti follows a perennial life 

history strategy, and b) the combination of the detachment and formation rate of leaves 

during the growth season, which results in a constant number of standing leaves. Flowering 

patterns of Z. noltii have been reported for many European estuaries. In northern populations, 

sexual reproduction begins at the end of June (Netherlands, Vermaat et al, 1987) or in July 
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(England, Tubbs & Tubbs, 1983; Potouroglou et al. 2014). In Z. noltii populations, being a 

perennial species, vegetative reproduction plays an important role for meadow persistence. 

On the other hand the sexual reproduction augments the genetic variation, which can enhance 

resilience to stresses, and plays an important role in colonisation of new or previously 

inhabited areas through seed dispersal (Kendrick et al., 2012). However, in our study flower 

density was high during the growth season, suggesting that sexual reproduction may also be 

important for providing a fast, highly localised expansion, which has been shown before for 

other areas in the UK where high-disturbance conditions occur (Potouroglou et al., 2014).  

Diseased leaves were observed throughout the growth season of 2013, with increasing levels 

monitored in late June and decreasing in October, which accords well with the well-studied 

effect of temperature on growth of the pathogen (Labyrinthula zosterae) (Olsen et al. 2014). 

 

Comparison with other geographical areas 

When comparing results of this study with other geographical areas, Z. noltii dynamics 

showed similar patterns to intertidal meadows in Italy and the Netherlands (Vermaat et al. 

1987; Buia & Mazzella, 1991), whereas these were different from those recorded in subtidal 

Z. noltii populations (Auby & Labourg 1996; Pergent-Martini et al. 2005; Cabaço et al. 

2009). These differences can be attributed to a range of factors. Intertidal seagrass beds, 

despite their high plasticity, experience multiple stressors daily, being exposed to different 

temperatures, light intensity, grazing and anthropogenic pressure. Seagrasses located in the 

intertidal zone are usually shorter and narrower than those in the subtidal zone to minimise 

the effects of emergence stress (Abal et al., 1994). Moreover, intertidal seagrasses show light-

dependent responses with decreased photosynthetic efficiency during periods of high 

irradiance and air exposure (Björk et al., 1999). In temperate ecosystems, intertidal 

populations are exposed to grazing (e.g. wildfowl), whereas in subtidal meadows, there are 



41 
 

no obvious macro-grazers (as opposed to tropical areas, where turtles or marine mammals can 

significantly affect seagrass dynamics). Finally, the Firth of Forth has been historically 

subjected to increasing anthropogenic pressure, which has been shown to negatively affect 

seagrass meadows, leading to their decline or even loss (Van Lent et al., 1995). Intertidal 

populations of Z. noltii are prone to the runoff from catchment areas, which result in elevated 

levels of inputs in nutrients (Short & Willie-Echeverria, 1996). This could not only cause 

negative direct effects on the meadows, but also indirectly affect them with the proliferation 

of macroalgae (e.g. Chlorophyta), which are more tolerant to elevated levels of nutrients and 

pollutants (Ye et al., 2003). 
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Chapter 4 

Development of a novel method for estimating 

seagrass cover using digital images 
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“A good decision is based on knowledge and not on numbers.”  

By Plato 

 

Photo: Zostera marina shoots in Tayport, from Karen Diele and Sonja Rueckert. 
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Introduction 

Seagrass meadows are highly productive habitats that provide important ecosystem services 

in the coastal zone such as improved water quality, nutrient cycling, enhanced biodiversity, 

food and habitat provision, coastal protection and erosion control, and carbon sequestration 

(Hemminga & Duarte, 2000; Mellors et al., 2002; Orth et al., 2006; Bos et al., 2007; 

Fourqurean et al., 2012). However, these valuable habitats are under increasing direct and 

indirect pressure; land reclamation, coastal development, overfishing and pollution over the 

past few decades have severely impacted seagrass meadows, with most studies estimating 

losses of between 50-80% of the original area (Lotze et al., 2006; Orth et al., 2006). Hence, 

understanding the extent and condition of seagrass beds and monitoring changes in their 

distribution, density, and biomass over time are essential for management and conservation 

purposes (Dennison et al., 1993; Kenworthy et al., 2006).  

One of the most commonly observed ecosystem variables for seasonal and long-term 

monitoring of vegetated areas is percent plant cover (Bonham & Clark, 2005; Chen et al., 

2009). Estimating seagrass cover, referred to as ‘the horizontally projected foliage cover of 

the canopy’, is a key requirement for seagrass monitoring (McKenzie et al., 2001). The most 

common methods used for estimating vegetation coverage are field surveys and aerial and 

remote sensing techniques. The most straightforward method in field surveys is visual 

assessment, which can be used to give percentage cover or in applying an ordinal scale such 

as Braun-Blanquet (e.g. five percentage-cover categories can be defined as: 1=0–5%, 2=6–

25%, 3=26–50%, 4=51–75% and 5=76– 100%) (Neckles et al., 2012). Field surveys using 

visual assessment are simple and can yield high spatial and taxonomic resolution on small 

scales. Their disadvantages, however, are well documented, such as being time-consuming, 

low in precision and including bias and inconsistency between observers (Cheal, 2008; Vittoz 
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et al., 2010). Inter-observer estimates in visual assessments have been shown to have a large 

variation (e.g in grassland studies this can range from 13% to 90%) depending on the plant 

type and scale (Klimeš, 2003). On the other hand, aerial and remote sensing methods can 

provide quantified cover estimates over broad areas (Gullstrom et al., 2006). However, these 

exhibit considerable problems when dealing with a combination of different types of 

vegetation at high spatial resolutions, perform poorly for underwater vegetation and they 

generally involve expensive images and complex analyses. 

Over the last few years, interest in using digital imaging has grown in ecology, starting with 

plants with high economic importance (i.e. crop fields), but with some applications published 

in marine ecosystems as well (Richardson et al., 2001; Guevara-Escobar et al., 2005; Behrens 

& Diepenbrock, 2006). The main advantage of image-based methods is that digital photos are 

faster to process and the procedure can be easily executed (Laliberte et al., 2007).  Also, the 

use of computer-assisted image analysis has been demonstrated to eliminate observer 

subjectivity and inconsistency.  

With the availability of high-quality digital photos, measuring vegetation cover by using 

image analysis techniques is becoming more common. This chapter describes a photographic 

method for estimating vegetation percentage cover from digital images using seagrass as a 

study model. The objective was to develop a method which would be accurate as well as 

rapid, automated and objective. The hypothesis was that the objectivity of this technique 

would be superior to visual estimates in analysing seagrass cover. 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.2041-210x.2012.00254.x/full#mee3254-bib-0043
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Materials and methods 

Data acquisition and visual estimation 

Digital images were acquired using a Canon IXUS 10015 digital camera with a resolution of 

12.1 mega pixels. Digital images of ten quadrats (0.25 m2) (two images per quadrat) were 

taken at a height of 1m above ground, between 09:00 and 12:00hrs biweekly from May to 

October 2013 from a Zostera noltii bed in Drum Sands, Firth of Forth at low tide when the 

bed was exposed. Z. noltii was found growing in a mosaic, with patches of different size and 

shoot density, with an average of 1091 ± 141 shoots m-2 (± SE), and shoot length of 179 ± 9 

mm (± SE). The collected images were saved in JPEG format file. The visual estimation (VE) 

method was an estimate of the percent seagrass cover within the same quadrats. The 

estimates of percent seagrass cover included all aboveground plant components (leaves, 

stems, and occasionally flowers) by averaging estimates of 2-3 observers of the field team. 

 

Image analysis 

The steps involved in the estimation of seagrass cover, from image acquisition to seagrass 

cover calculation, are summarised in Figure 4.1 and outlined below. All images were 

processed and analysed using Matlab R2013a (Mathworks, Natick, Massachusetts, US).  
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Figure 4.1. Flow chart illustrating the calculation of seagrass cover from digital images. 

 

In order to establish the two limits of the optimal range of interest, mosaic images consisting 

of only bare sediment or complete seagrass coverage were constructed. To do this, a total of 

200 small images of seagrass and bare sediment were selected and cropped from the initial 

pool of images. These were collated into two mosaic images one for sediment and one for 

total seagrass coverage (Fig. 4.2). The original pictures were captured in different light 

conditions; hence the colours of leaves and bare sediment varied highly in the synthetic 

mosaic images which therefore sampled a wide range of relevant ambient conditions. The 

written code extracted red, green, and blue (RGB) features and computed colour indices. 

 

Method 

development 

Application 
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Figure 4.2. Mosaic images for A) seagrass and B) bare sediment. 

 

Calculation of colour indices 

Fifteen indices based on the RGB and normalised RGB values were computed for each of the 

200 images. The indices are listed and defined in Table 4.1. Excessive green index (EGI) also 

referred to as the green leaf algorithm, is a linear function of normalised green (g), which 

transforms an RGB image to a grey level image and plant pixels appear brighter than 

background (Cheng et al., 2001). Modified EGI (MEGI) is a variation of EGI, which is based 

on a key property of the normalised components, r+g+b= 1. The normalised difference index 

(NDI) further increases the contrast between plant and background pixels and was calculated 

according to Mao et al. (2003). Hue and saturation (SAT) were calculated according to Tang 

et al. (2003). Hue can be visualised as a circular variable measured as an angle between 0 and 

2π radians. Saturation is expressed as the purity of colour. A saturation value of 1 indicates 

pure colour with no white light, while a value of 0 means a completely white image. 
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Table 4.1. List of colour indexes evaluated for seagrass- bare sediment segmentation. 

Colour Index 
Formulas 

Red  
non-normalised red 

Green 
non-normalised green 

Blue non-normalised blue 

Normalised red r= R/ (R+G+B) 

Normalised green g= G/ (R+G+B) 

Normalised blue b= B/ (R+G+B) 

Difference between green and blue G-B 

Difference between normalised green and 
normalised blue g-b 

Difference between red and green R-G 

Difference between normalised red and normalised 
green r-g 

Excessive green index (EGI) EGI= 2g-r-b (or 3g-1) 

Modified excessive green index (MEGI) 

Normalised difference index (NDI) 

MEGI = 0 If g is lower than r or b, otherwise 
MEGI = EGI 

NDI=r-g/r+g 

Hue W= cos-1 [{2R-(G+B)}/2{(R-G)2 + (R-B)(G-B)} ½ ] 

 

If B≤G then HUE= W, if B>G then HUE= 2π- W 

Saturation SAT= 1-3min{r,g,b} 

 

 

Seagrass segmentation from sediment background and percent cover calculation 

Digital images are stored in three dimensions, providing spectral information in the red, 

green, and blue wave lengths. They offer more than one dimension for segmentation, 

however, in practice the classification of green vegetation and background pixels can be 

achieved in one-dimensional space. Classification of seagrass from background sediment was 

assessed in terms of segmentation error (type 1 error + type 2 error), assuming the Gaussian 

distribution of pixel values of colour indices (Fig. 4.3). Type 1 error is the probability of 
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wrongly labelling seagrass pixels as sediment pixels, resulting in a loss in seagrass region, 

while type 2 error is the probability of wrongly classifying sediment pixels as seagrass pixels, 

resulting in an overestimation of the seagrass region. The optimum threshold for each colour 

index value was determined as the value showing the minimum error in segmenting 

seagrasses from background, and the segmentation potential of colour indices was evaluated 

as segmentation error at the optimum threshold value. As percent cover is defined as the 

percent area of plant canopies projected vertically onto the horizontal ground surface beneath, 

it was calculated as the percentage of seagrass pixels to total pixels of the digital images. 

Based on the threshold determined from the analysis of the 200 images of seagrasses and bare 

sediment in each mosaic photo, plant and background pixels of the digital images were were 

then classified. 

 

 

Figure 4.3. Distribution curves for seagrass and sediment showing total segmentation 

error (Type 1 and Type 2 errors). 
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Method evaluation and test of performance under different species and light conditions.   

In order to validate our proposed algorithm, we used a method based on the principles of 

Koch’s postulates2. We used four simulated images that each contained different mosaics of 

known constitutions, which were subsets of seagrass and sediment from the initial pool of 

images. These images were first analysed using the most optimal colour index and the 

threshold value that was derived from the initial test. The computed coverages were 

compared to the known cover (ranged from 34 to 67 %) and a mean value of discrepancy was 

calculated. 

The method was then tested in photos from two different test photo datasets against three 

different “conditions”: a) photos that contained more than one seagrass species (either two or 

three in total), b) photos that also contained other types of vegetation (macroalgae), and c) 

photos that were acquired in extreme light conditions. The first set of test photos (91 in total) 

was provided from the Scottish Environment Protection Agency (SEPA) and tested against 

the second “condition”. The photos contained macroalgae of the genus of Enteromorpha, 

Ulva and Chaetomorpha. The second set, which included photos from seagrass plots in Gazi 

bay, Kenya (61 in total) was tested against the first and third “condition”. The seagrass 

species were identified as Thalassia hemprichii, Cymodocea rotundata, Halophila ovalis and 

Halodule wrightii. 

 

 

 

 

                                                           
2 These are four criteria that establish a causal relationship between a causative microbe and a disease by 

isolating the pathogen from the diseased host and after grown in pure culture, used to infect back the host. Evans 

AS. (1976) Causation and Disease: The Henle-Koch Postulates Revisited. The Yale Journal of Biology and 

Medicine 49(2): 175-195. 
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Results  

Segmentation of seagrass from bare sediment background 

Seagrass leaves may vary from light-green to deep-green, and thus vegetation can cover a 

wide range of the RGB components. The distribution of all colour index values of mosaic 

images for seagrass and bare soil background are shown in Fig. 4.4, while the mean values 

and standard errors are summarised in Table 4.2. The distribution of vegetation (represented 

in the histograms) was generally more dispersed than that of soil.  As a result, the probability 

of misclassifying vegetation as non-vegetation was greater than that of misclassifying soil as 

vegetation. Seagrass pixels had greater mean G and g values, than R, B and r, b values 

respectively (Table 4.2), and thus higher EGI and MEGI values than the pixels of sediment 

background, indicating the possibility to segment seagrass from background based on these 

indices. Threshold values of colour indexes minimising the segmentation error (Type 1+ 

Type 2 errors) of Zostera noltii from bare sediment are also summarised in Table 4.2. MEGI 

showed the highest potential for segmentation of seagrass from bare sediment background, 

followed by R-G, r-g, and EGI (Fig. 4.5). The segmentation error based on MEGI threshold 

value of 0.019 was estimated to be 0.0386. 
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Figure 4.4. Distributions of colour indices for seagrass and sediment. 
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Table 4.2. Mean values, standard error (SE), error of overlapping area and threshold 

of colour index values calculated for seagrass and bare sediment. 
 

Colour indices               Seagrass             Sediment Error % 
(overlapping 
area) 

Threshold 
(intersect) 

Mean SE Mean SE 

R 106.7 1.369 145.8 1.489 17.11 125.9 

G 116.9 1.341 140.8 1.496 39.86 129.1 

B 102 1.541 139.2 1.837 26.92 120.3 

r 0.327 0.001 0.343 0.001 37.71 0.335 

g 0.362 0.002 0.331 0.001 10.11 0.341 

b 0.311 0.002 0.326 0.001 57.95 0.316 

G-B 14.93 0.838 1.591 0.616 35.24 8.402 

R-G -10.21 0.485 4.954 0.323 5.91 -1.523 

r-g -0.035 0.002 0.012 0.001 7.63 -0.006 

g-b 0.051 0.003 0.005 0.002 29.44 0.027 

EGI 0.086 0.004 -0.007 0.002 9.85 0.024 

MEGI 0.087 0.004 0.002 0.001 3.86 0.019 

NDI 0.052 0.002 0.019 0.001 31.56 0.035 

SAT 0.091 0.004 0.035 0.003 41.05 0.066 

HUE 0.313 0.006 0.416 0.029 32.79 0.203/ 0.414 

 

Percent cover calculation and visual assessment 

Percent cover of seagrass was calculated as the numerical ratios of the plant pixels to the total 

pixels of digital camera images. Seagrass pixels were discriminated using MEGI with the 

threshold value of 0.019. The relative accuracy or objectivity of visual assessment declined as 

plot cover approached 20% (Fig. 4.6). At lower percentages of cover 0-20%, the visual 

assessments were closer to those measured by image analysis. As values approached 20%, 

the visual method was more likely to overestimate cover, which was also apparent in the high 

percentage cover. 
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Figure 4.5. Distributions of colour indices for seagrass and sediment with highlighted 

areas showing total segmentation error.  
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Figure 4.6. Comparison between visual estimates and computed coverage (dashed 

line=1:1 line).  

 

 

 

Method evaluation and test on different seagrass species or other vegetation types. 

The main difficulty in evaluating methods for estimating vegetation cover is that the actual 

canopy cover is not known. To validate the method, four simulated pictures, where seagrass 

cover was known, were analysed and the mean value of discrepancy was 0.54 ± 0.29 (SD) (% 

cover), as opposed to human estimate where the mean value of discrepancy to the computed 

one was 3.15 ± 10.25 (SD) (% cover).  

Examples of the performance test are illustrated in Figure 4.7. In the photos with multiple 

species, seagrass was successfully segmented from sediment, but the method failed to 

distinguish different species (Fig. 4.7A). When macroalgae was present (Fig. 4.7B), that was 

partly mistakenly recognised as seagrass. Finally, in the photos where illuminations occurred 

as a result of the extreme light conditions (Fig. 4.7C), the algorithm failed to segment 

seagrass from the sediment background. When visual estimates were compared to computed 

coverage in each of these three conditions, these showed a good correlation for the multiple 
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species (R= 82.8), whereas for the photos with macroalgae present and extreme light, the 

correlation was poorer with R=36.5 and R=8.7 respectively.  

 

Figure 4.7. Examples of the analysis of test photo datasets with A) multiple species 

present, B) seagrass and macroalgae, and C) seagrass under extreme light conditions . 
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Discussion 

 

Measuring vegetation cover is fundamental to a wide range of ecological research; it can be 

applied in small and large-scale surveys or when non-destructive sampling is essential, as in 

the case of permanent plots (Bonham & Clark, 2005; Booth et al., 2005). Nevertheless, its 

effective use demands that estimates are accurate and can be derived using a quick and 

inexpensive method. The most common method is visual estimation, where the percentage 

cover of one or a group of plant species is assessed in a plot of a predetermined size. This can 

be executed efficiently in the field, but there might be large variations in estimated cover 

resulting in low precision (Luscier et al., 2006). Digital photography is a modern approach 

for assessing vegetation cover, as it provides more objective, precise and reliable 

measurements than other commonly used ground survey methods due to the elimination of 

evaluators’ subjectivity and inconsistency (Dietz & Steinlein, 1996; Vanha-Majamaa et al., 

2000; Laliberte et al., 2007; Liu et al., 2011). However, the efficiency of segmenting 

vegetation from background is affected by which colour index or colour space is optimal and 

whether it classifies accurately (e.g. in different light conditions or various vegetation types 

present).  

In this chapter, a novel method that facilitates seagrass extraction from digital images and has 

numerous advantages over visual assessment, has been described. These results demonstrate 

that the modified excessive green index (MEGI) is the most appropriate index for extracting 

seagrass features in the RGB colour space and that the developed algorithm can determine the 

threshold for separating seagrass from sediment background. MEGI is a modified version of 

“greenness” index which has been successfully used to extract vegetation cover from digital 

images in terrestrial ecology studies. For instance, Booth et al. (2006) used the “green leaf” 

algorithm and Liu & Pattey (2010) used excessive green index (EGI), both of which detect 
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positive values, which are indicative of green vegetation, as they contain higher levels of 

green pixels than red or blue. 

According to the Weber-Fechner law, visual discrimination decreases logarithmically as the 

intensity of the object increases (Lindow & Webb, 1983). At low intensities, a change can be 

easily noticed, however at high intensities, the observer may not detect a change of the same 

magnitude. In this study, visual estimates of seagrass cover appear to follow this law, as they 

are more accurate when low percentages of cover are assessed, whereas the largest errors in 

visual estimates occur at >30% cover. The proposed image-based technique offers both a 

rapid field-data collection method and subsequent automated image analysis, it is 

recommended however, that the classified images be viewed alongside the originals to check 

that image classification is correct.  

Regarding the performance test of the segmentation method in the case of the two photo 

datasets, this failed to distinguish different species and macroalgae, which can be the result of 

a compendium of factors. First, the photo datasets contained certain vegetation (other 

seagrass species and macroalgae) and background components that were not present in the 

initial pool of images, from which the index and threshold value were derived.  Second, the 

algorithm assumes a Gaussian distribution for both the seagrass and sediment portions of a 

digital image. This assumption may be one of the reasons why the method is problematic 

when applied to more varied types of vegetation. Third, another potential factor can be the 

impact of the view angle of the images.  This issue was handled by cropping the edges of the 

images used in this study, but further research will help to validate how this affects the 

estimation of seagrass cover. Finally, in terms of light conditions, there were some extreme 

cases where leaves occurred as dark green or black (shaded leaves) and sediment occurred 

lighter or darker than usual. In this case, these features were likely to be misclassified. While 

testing this method with extreme light conditions, it was observed that the classification 
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sometimes failed by specular reflection caused by strong sunny illumination, decreasing the 

accuracy of the segmentation. Although the developed method coped well with variations in 

lighting, it is still recommended to capture the images in overcast conditions, if possible, to 

minimise reflections or shadows, thereby improving image processing.  

Mapping seagrasses can be a challenge, partly because they grow in a range of depths, from 

the intertidal zone, visible at low tide (e.g. many Zostera spp. sites), to the subtidal, down to 

depths of 50 m (for e.g. Posidonia oceanica). The absence of comprehensive maps prohibits 

other downstream activities, such as evaluation of ecosystem services and implementation of 

the Water Framework directive. Despite the aforementioned potential limitations of the 

proposed method, the benefits of using a digital image technique in accurately measuring 

seagrass coverage, and subsequently aiding mapping efforts, clearly outweigh these. The 

method described here improves upon the accuracy of traditional subjective methods, with 

error limited to <1% (standardised to photos of known coverage). To conclude, this technique 

has a wider applicability as a tool to survey seagrass abundance, and to quantify temporal or 

spatial changes, which can inform management and future conservation policies of these 

important coastal ecosystems. 
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Chapter 5 

Estimation of carbon density of intertidal 

seagrass sediments in Scotland  
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“We have also come to realise that no problem ever exists in complete isolation. Every 

problem interacts with other problems and is therefore part of a set of interrelated problems, 

a system of problems…I choose to call such a system a mess” from Russell Ackoff (1974), 

Redesigning the future: A Systems Approach to Societal Problems, Wiley & Sons. 

 

 

 

Photo: Taking a sediment core from Dornoch Firth in August, from the author. 
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Introduction 

 

Despite early evidence highlighting the role of coastal ecosystems in carbon storage and 

fluxes (Smith 1981), they have only recently gained broader attention in light of climate 

change mitigation efforts. Seagrass ecosystems have been identified as globally significant 

carbon sinks (Duarte et al., 2005; Mcleod et al., 2011) and a recent study demonstrated that 

seagrass sediment can store about twice as much carbon as soils in the temperate and tropical 

forests (Fourqurean et al., 2012). In fact, although seagrass meadows occupy less than 0.2% 

of the world’s oceans, they store 90% of their organic carbon in the sediment, making them 

responsible for more than 10% of carbon buried annually in the oceans (Fourqurean et al., 

2012). Understanding the environmental, ecological and biological controls of carbon stocks, 

is crucial not only for accurately estimating global carbon budgets, but also efficiently 

mitigating greenhouse gas emissions (Macreadie et al., 2014). Seagrasses are under extreme 

pressure worldwide, with annual losses of 7% due to anthropogenic pressures (Waycott et al., 

2009). In addition to carbon sinks, seagrass meadows provide a range of provisioning, 

regulating and cultural ecosystem services, that will be ultimately lost if these ecosystems 

keep being degraded.  

 It has already been demonstrated that seagrasses can modify their environment in a number 

of ways that enhance carbon storage (Mateo et al., 2006; Duarte et al., 2011) (key processes 

are shown in Figure 5.1). The majority of carbon is stored in the sediment below the seagrass 

meadows rather than the biomass itself (Fourqurean et al., 2012). High inputs of carbon along 

with undisturbed and depositional environments, and anoxic conditions in the sediment, are 

optimal conditions for the largest storage (Duarte et al., 2011; Fourqurean et al., 2012). High 

productivity of seagrasses and low grazing pressure, where these occur, facilitate the high 

carbon input in these ecosystems (Duarte & Cebrian, 1996). Enriched sediment 13C values 
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reveal this direct contribution of seagrass carbon to sediment stock, however, in addition to 

this autochthonous material, allochthonous organic matter is imported from other terrestrial 

and aquatic systems (Kennedy et al., 2010) and stored underneath seagrass meadows. 

Seagrasses can decrease current velocity and alter the turbulence with their characteristic 

canopy, in ways that facilitate sedimentation and deposition of allochthonous organic 

material to sediment stocks (Hendriks et al., 2008). The contribution of allochthonous 

material to sediment organic carbon stocks, which varies greatly, can be estimated by the 

carbon isotopic composition of the sediment relative to its sources (Kennedy et al., 2010). In 

short, less depleted 13C usually suggest greater seagrass contribution, while low depleted 

signatures are usually indicative of allochthonous sources (Gacia et al., 2002). Once the 

allochthonous or autochthonous material is buried, the anoxic conditions of seagrass 

sediments facilitate its preservation (Duarte et al., 2011), and in some cases, it has been 

demonstrated to persist for millennia (Mateo & Romero, 1997), resulting from the balance 

between material accretion (detritus and sediment), decomposition and erosion (Duarte & 

Cebrian, 1996; Gacia et al., 2002; Mateo et al., 2006). These aforementioned characteristics 

enhance carbon storage in sediments underlying seagrasses as compared to nearby 

unvegetated sites (Greiner et al., 2013; Marbà et al., 2015; Ricart et al., 2015). There are 

studies, however, that found no clear relationship between seagrass biomass and underlying 

sediment carbon stocks (Fourqurean et al. 2012; Campbell et al., 2014). To add to this 

complexity, seagrass species display a high degree of morphological variability, biomass 

allocation and nutrient content (Duarte, 1991) and these species-specific differences can 

ultimately affect carbon storage. Slower growing species have lower nutrient concentrations, 

reducing their decomposition rate and thus contributing more to sediment carbon stocks than 

rapidly growing species. In fact, in seagrass meadows, where different species occur, carbon 

stocks have been shown to vary 18-fold (Lavery et al., 2013). The varying nutrient content of 
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seagrass species may play a role in the species-specific potential for carbon storage, along 

with a range of other factors, such as differences in rates of production, effects on 

sedimentation deposition and stabilisation, and environmental conditions (Lavery et al., 

2013). In order to understand this complexity in carbon stocks, researchers have started 

distinguishing the effects of the seagrass community from the environmental ones. 

Geomorphological and hydrological factors can control sedimentation and erosion, but these 

can differ across the seascape, between patches of seagrass, but also within a patch (edge as 

opposed to the centre) (Ricart et al., 2015). These environmental effects can act either 

synergistically or antagonistically with seagrass communities, although spatial and temporal 

patterns can also occur (Folmer et al., 2012). Therefore, causal correlations among seagrass 

species, biomass and sediment carbon stocks would need to account for spatial variability, 

and the local hydrodynamic and geomorphological conditions that occur in these ecosystems.  

Hence, seagrasses may cause long-term storage of sediment organic carbon contributing to 

global carbon sinks and thus being an important element in climate change mitigation. For 

this to happen, two processes will have to occur simultaneously. First, seagrasses must 

facilitate and fuel the input of both autochthonous and allochthonous organic carbon into the 

long-term sediment carbon pool. Second, seagrass environments must delay or prevent the 

remineralisation, decomposition and erosion of this pool. Published sediment accretion and 

carbon burial estimates for seagrass meadows are highly variable, and these are mainly based 

on short-term studies, using single factors (e.g. net primary production) or a few species  that 

are well-studied for their peat-like sediment mattes (e.g. Posidonia oceanica) (Duarte et al., 

2005; Duarte et al., 2010) (Detailed in Chapter 6). On the other hand, decomposition, has 

been shown to occur at low rates because of the anoxic conditions that prevent aerobic 

metabolism and remineralisation (Duarte et al., 2010; Fourqurean et al., 2012). In addition to 

this, the microbial community found in seagrass sediments may also be limited by high C:N 
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and C:P ratios, and nutrient competition with seagrasses (Enriquez et al., 1993), leading to 

lower decomposing activity. For such a diverse and polyphyletic group like seagrasses, 

generalisations of carbon storage based on these indicators may lead to inaccuracies when 

these are extrapolated over all seagrass species and locations. 

 

 

 

Figure 5.1. Conceptual diagram of the carbon stocks and fluxes in a seagrass meadow 

(adapted from Macreadie et al., 2013). 

 

 

 

 



76 
 

To fill a major gap in the available information, carbon storage of intertidal seagrasses 

(Zostera noltii and Zostera marina) was evaluated in Scotland, to the best of our knowledge, 

for the first time. Thus, this chapter aims to provide estimates of organic carbon density, 

burial rates and sources of carbon stored in intertidal seagrass sediments of the 

underrepresented region of Scotland and assess the carbon storage capacity of Zostera spp. It 

also compares sediment carbon concentrations in seagrass patches with that found in 

appropriate contiguous control areas without seagrass present, in order to infer the impact of 

seagrass on sediment carbon storage. 
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Materials and methods 

Study sites 

The most extensive intertidal mudflats in Scotland are found along the East coast. Carbon 

storage in seagrass meadows was quantified at 7 estuaries (sites) and 17 sub-sites, distributed 

along the east coastline of Scotland, from the Firth of Forth in the south to Dornoch Firth in 

the north (Fig. 5.2). The sites were chosen to be representative of intertidal seagrass beds in 

protected and muddy to sandy environments. All sites were sampled between June and 

September 2014 at low tide. 

 

Figure 5.2.  Study area showing locations of seagrass survey sites and sub-sites A-G 

along the East coast of Scotland (A: Firth of Forth, B: Tay Estuary, C: Montrose Basin, 

D: Beauly Firth, E: Moray Firth, F: Cromarty Firth, G: Dornoch Firth). 
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Plots of 0.25 m2 were selected within each site for their seagrass cover and species 

composition, and sediment cores (one per plot) were collected by driving a Russian peat corer 

(50cm X 50mm) into the sediment to a depth of 50cm or until refusal was reached. A total of 

70 cores were collected, 39 from seagrass areas (20 from Z. noltii, 8 from Z. marina, 11 from 

mixed plots) and 31 from adjacent bare areas, ‘control’, within the seagrass meadow. After 

each sediment core had been extracted, each one was carefully packed. This involved opening 

the corer chamber, placing it in a longitudinally sliced plastic tubing of suitable internal 

diameter, and covering it with cling film, in order to protect it from compaction during 

transport. After transport to the laboratory, the samples were sliced into 1 cm sections for the 

first 6cm, 2 cm sections up to 30 cm and then into 5cm sections up to 50 cm.  Subsamples of 

5 cm3 of each slice, homogenised first, were used for the determination of dry bulk density 

(DBD), loss on ignition (LOI) and organic carbon content (Corg).  

 

Dry bulk density and Organic Matter analyses 

Each 5 cm3 sediment was transferred to labelled foiled trays and dried at 60 °C until constant 

weight was reached. DBD was calculated as follows, 

DBD= Dry Weight/ Volume of Sample 

and expressed as g cm-3. The dry subsamples were then homogenised by grinding them to 

fine powder using a mortar and pestle. Aliquots (ca. 1 g) of each sediment sample were 

transferred to pre-weighed ceramic vials. These were then put in a muffle furnace and 

samples were subjected to 500°C for 6 hours. Once cool enough, they were put into a 

desiccator to prevent moisture re-uptake. When the samples had cooled down to room 

temperature, their weight was recorded. For each subsample, LOI (% of dry weight DW) was 

calculated as follows: 
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LOI= (Initial Dry Weight – Weight remaining after ashing) / Initial Dry Weight x 100 

 

Organic Carbon Analysis 

A subset of samples (26 in total) was used to measure organic carbon (Corg), using an 

automated elemental C:N analyser (Fisons NA1500). An aliquot (ca. 60mg) of the dried 

sediment was first acidified with weak HCl (1-2M) to remove carbonates. LOI values were 

plotted against organic carbon data to determine the relationship between sediment organic 

matter and sediment organic carbon.   

Carbon Density 

For carbon storage calculations, estimates of Corg and DBD within a site were grouped into 

10 cm depth range, starting with the surface 10 cm followed by 10-20 cm, and so forth until 

the deepest part of the core was reached. The carbon content (CC) of each 10 cm interval of 

each core was calculated from the measured Corg and DBD from all subsections within a 

depth range: 

CC slice = z slice  x Mean (DBD slice ) x Mean (Corg slice ) / 100 

Where z slice is the thickness of the slice (10cm interval) (expressed in cm), Mean (DBD slice) 

(expressed in units of g of dry weight per cm3) is the average of all DBD values from the 

stated depth from all cores taken at a site, and Mean (Corg slice) (expressed in units of % of 

dry weight) is the average of all Corg values from the stated depth at a site divided by 100 to 

convert Corg units from % of dry weight to g C per g (dry weight).                                                                

Carbon density of the soils at each estuary was calculated as the sum of the CCslice values 

for all of the slices in the core expressed units of megagram C per hectare. 
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Radioisotopes dating 

Coastal ecosystems generally receive both direct atmospheric radionuclide deposition and 

river-derived inputs from catchment soil erosion. Thus, chronology for recent rates of 

sedimentation can be obtained through the use of a combined radionuclide approach (Helz et 

al., 1985; Olsen et al., 1989). Whilst unsupported 210Pb provides an excess-decay method of 

dating for the last ~100 years, down-core trends of 137Cs and 241Am activity provide further 

chronological markers. More specifically, 137Cs enables some fixing of age with depth to be 

determined from the onset of 137Cs atmospheric deposition, when weapons testing first 

occurred in 1954. The maximum 137Cs activity occurs at peak fallout from weapons testing in 

1963), and a more recent peak in 137Cs in 1986 may show atmospheric fallout from the 

Chernobyl nuclear accident (DeLaune et al., 1978; Carpenter et al., 1987; Walling & Bradley, 

1988; Ritchie & McHenry, 1990; Appleby et al., 1991; Prandle & Beechey, 1991; Rowan et 

al., 1993).  

Sediment samples (~20 g) from seagrass and unvegetated plots from the Tay estuary were 

analysed for 210Pb, 226Ra, 137Cs and 241Am by direct gamma assay using an EG&G Ortec LO-

AX n-type High-Purity germanium gamma photon detector. 137Cs and 241Am were measured 

by their emissions at 661 keV and 59 keV, respectively. 210Pb was determined via its gamma 

emissions at 46 keV, 226Ra by the 295 keV and 352 keV g-rays emitted by 214Pb, and by the 

by the 609 keV g-rays emitted by 214Bi, following three weeks-storage in sealed containers to 

allow radioactive equilibration. Excess unsupported 210Pb activity was determined by 

subtracting the 226Ra from the total 210Pb activity. 

 

 

 

 



81 
 

Stable isotope analysis 

Following the radionuclides dating analysis, the same subset of samples (7 mg each) were 

used for the determination of stable isotopic ratios of 12C/13C (δ13C) (via mass-spectrometry) 

in order to determine the contribution of seagrasses to the organic carbon pool. 

 

 

Statistical analysis 

Statistical analyses were performed using Minitab 17. All data were checked for normality 

and homogeneity of variances. When assumptions were not met the data was log10 or 

log10(x+1) transformed. General Linear Model was used to test differences in sedimentary % 

OM i) among sites, ii) between vegetated and unvegetated plots, iii) between species (Z. 

noltii, Z. marina and mixed), iv) mixed effect model: depth, vegetation type (seagrass-

control) and the interaction of those two (depth*vegetation), v) mixed effect model: cover, 

species, and the interaction of those two (cover*species). In the cases where the models were 

significant, Tukey’s HSD post hoc test was used to determine significant differences and 

grouping. Also, regression was used between % Organic Carbon and % OM to determine the 

relationship between sediment organic matter and sediment organic carbon 
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Results 

Dry bulk density and organic matter content 

Zostera noltii was the most commonly encountered seagrass on the east coast of Scotland; it 

was present at 15 of the 17 survey sub-sites. Zostera marina was found at 10 of the 17 sub-

sites. The sediment cores penetrated from a minimum of 30 cm to a maximum of 50 cm. The 

sediments underlying the seagrass beds of East Scotland had DBD that ranged from a 

minimum of 0.55 to a maximum of 2.33 g cm−3, with a mean of 1.26±0.02 g cm−3 (±95 % 

CI), based on 837 subsamples collected from 17 seagrass sampling sites (fig. 5.3). In general, 

DBD increased with depth in the top 20 cm of the cores with no overall pattern down-core 

below that depth. DBD of adjacent bare areas, ‘control’ plots, ranged from 0.59 to 2.43 g 

cm−3 with a mean of 1.21±0.02 g cm−3.   

Organic matter (OM) in the top 50 cm of seagrass sediment varied considerably from site to 

site, with the highest OM found in the Firth of Forth with a mean of 4.26±0.21 % of dry 

weight (±95 % CI) and the lowest one in Moray Firth with a mean of 0.97±0.11 % of dry 

weight (fig. 5.4). OM in seagrass sediments showed significant differences among sites (df= 

6; F= 79.88; p<0.001) and Tukey’s post hoc test revealed the following grouping; Firth of 

Forth, Tay Estuary- Montrose Basin, Beauly Firth-Cromarty Firth, and Moray Firth-Dornoch 

Firth.  
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Figure 5.3. Frequency histogram of dry bulk density (DBD g cm−3) of seagrass (n=837) 

and control plots (n=622). The dashed line represents the mean value of DBD from the 

global dataset (1.03 g cm−3) from Fourqurean et al. (2012). 
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Figure 5.4. A comparison of seagrass sediment % OM storage and adjacent bare areas 

in the top 50cm of the sediment in different sites with %OM of the global dataset from 

Kennedy et al. (2010). Error bars represent ±95 % CI. Letters (a, b, c, d) indicate 

significant differences among the sites. 

 

 

 

OM was significantly higher on average in seagrass plots than in adjacent bare areas (df= 1, 

1457; F=17.06; p<0.001), although the range of variation overlapped. There were also 

significant differences in the OM storage capacity of seagrass sediments between species 

composition (Z. noltii, Z. marina and mixed) (df=2, 1456; F=40.04; p<0.001) (Fig. 5.5). Plots 

of Z. noltii had significantly higher % OM (mean= 2.78) than that of Z. marina (mean=2.09) 

and mixed plots (mean=1.72) (df=1; t=5.08; p<0.001 and df=1; t=8.48; p<0.001 

respectively). Also, Z. marina plots had significantly higher % OM than mixed plots (df=1; 

t=-2.4; p<0.05).  
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Figure 5.5. Boxplots of % OM for Z. marina, mixed and Z. noltii plots. Diamonds 

represent the mean, with the box representing the 25th and 75th percentiles, the 

whiskers the 5th and 95th percentiles and outliers represented by dots. 

 

 

Down-core profiles in %OM displayed variable trends (fig. 5.6), with some sites showing 

declines in OM with depth (Beauly, Moray and Dornoch Firths), others showing increasing 

OM for the top 30cm and then declines (Firth of Forth and Tay Estuary), while others showed 

no overall trend (Montrose basin and Cromarty Firth). Mixed effect models showed no 

significant effect of depth on % OM in seagrass sediments (df=21; F=0.65, p=0.883), nor 

significant interaction between vegetation and depth on % OM (df=21; F=0.5; p=0.972).  
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There was no significant relationship between the abundance of seagrasses, assessed as 

percent cover, and sediment organic matter (Fig. 5.7) (Mixed effect model: df=1, F=0.23, 

pcover=0.632; df=2, F=0.62, pcover*species= 0.543). 

 

 

Figure 5.7. Relationship between seagrass % coverage (Z. noltii, Z. marina and mixed 

plots) and sediment organic matter across all sites (Error bars: 95% CI). 
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Organic carbon content 

A positive significant relationship (r2=0.59, p<0.001) between the organic matter (expressed 

as %LOI) and the organic carbon content (% Corg) was found for seagrass sediments in 

Scotland (Fig. 5.8). 
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Figure 5.8. Relationship between % OM (% LOI) and % Corg in East Scotland 

sediment. The line represents the regression equation fit: % Corg = 0.41 %OM - 0.13, 

SEintercept = 0.07, SEslope =0.18, R2 = 0.59, p<0.001. 
 
 
 
 
 

Corg of the seagrass sediment samples ranged from a minimum of 0.08% to a maximum of 

10.31% (n=837) (fig. 5.9). The mean Corg was 0.98±0.06 % (±95 % CI) and values were not 

normally distributed. The data distribution was truncated at zero and had relatively few high 

values; the median Corg was 0.77 % of dry weight.  
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Figure 5.9. Frequency histogram of organic carbon content (Corg, % dry weight) in 

East Scotland sediments (n=837). The dashed line represents the median value of Corg 

from the global dataset (1.8 %) from Fourqurean et al. (2012). 

 

 
 
 

Total Corg stored in the top 50 cm of the sediments of intertidal seagrasses in Scotland 

ranged from a minimum of 22.7 Mg C ha-1 at Moray Firth to a maximum of 107.9 Mg C ha−1 

at the Firth of Forth (table 5.1). Mean organic carbon stores across the 7 sites sampled was 57 

Mg C ha−1 (for the top 50cm).  
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Table 5.1. Summary of study sites and sediment Corg stocks (Mg ha−1) over 50 cm and 

10 cm horizons for vegetated and [unvegetated] plots. 

 

 

 

Radionuclide dating and carbon isotope analyses 

Results from radionuclide analysis are outlined in Table 5.2. In seagrass plots, excess 210Pb 

ran out at 16-18cm depth interval, whereas in control plots this occurred in a deeper layer at 

27 cm. Moreover, 137Cs and 241Am were detected at seagrass sediment samples, showing a 

decreasing trend with depth, whereas those were below the detection limit for control plots. 

No dating model, however, could be used to calculate the radiometric dates from the given 

stratigraphies, due to the extremely low concentrations of both excess 210Pb and, 137Cs and 

241Am. 

Moreover, δ13C values were similar in seagrass and control plots, and over depth, indicating 

that there is no difference in the sources of carbon accumulating in these sediment cores 

(Table 5.2). 

Estuary 
 

Site name Type of bed 
(monospecific-
multispecific) 

Mean 
core 
depth 
(cm) 

Cores 
per 
site 

Subsamples 
per core 

Total Sediment 
Corg stock 
(50cm) 

Sediment Corg 
stock top 10cm 
  

      Mg ha-1 Mg ha-1 

Forth Drum Sands Mono 50 2 22, 22   
 Blacknesss Multi 45 3 21, 21, 21   

 Torry Bay Mono 45 2 21, 21 108 [89] 18 [13] 

Tay Tayport 
(2) 

Multi 41 5 21, 20, 21, 20, 
19 

 
62 [34] 

 
21 [9] 

Montrose Montrose 
(3) 

Multi 43 5 21, 21, 21, 20, 
20 

 
67 [60] 

 
12 [10] 

Beauly Beauly Multi 41.3 4 21, 20, 21, 19  
56 [50] 

 
11 [9] 

Moray Findhorn Mono 42.5 2 21, 20   

 Nairn Multi 43.3 3 20, 21, 21 23 [20] 5 [4] 

Cromarty Nigg Bay Multi 42.5 2 20, 21   

 Dalmore Multi 35 2 18, 20   
 Alness Mono 40 1 20   
 Cromarty Multi 40 2 20, 20 57 [47] 11 [6] 

Dornoch Tain Multi 43.3 3 20, 21, 21   
 Cuthill Multi 45 3 21, 21, 21 28 [26] 7 [4] 
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Table 5.2. 210Pb, 137Cs, 241Am (Bq kg-1) and δ13C (‰) inventories for seagrass and 

control sediments from the Tay estuary.  

 

 

Total 210Pb 
Excess 

210Pb 

226 Ra supported 
 

Weapons testing  

 

46keV   
(Bq kg-1) 

295keV 352keV 609keV 661keV 59keV 
δ13C 
‰ 

 

  

214Pb 214Pb 214Bi 137Cs 241Am 

Seagrass         

0-2cm 32±4 17.3 14±4 15±3 15±4 4.9±1.2 1.9±0.5 -22.8 

7-8cm 28±3 13.3 18±3 12±2 14±3 7.5±0.9 0.9±0.3 -24.4 

12-15cm 28±4 6.7 25±5 19±3 20±4 4.3±1 0 -24.2 

16-18cm 23±3 0 15±5 27±3 27±4 BDL BDL - 

18-20cm 20±2 NA 14±5 29±3 28±4 BDL BDL - 

20-22cm 20±3 NA 14±5 28±3 29±4 BDL BDL - 

22-24cm 21±3 NA 13±5 23±3 27±4 BDL BDL - 

24-26cm 15±3 NA 9±5 23±3 26±5 BDL BDL - 

27cm 22±4 NA 24±4 19±3 24±4 BDL BDL -25.5 

40cm 20±4 NA 18±5 17±3 20±4 BDL BDL - 

Control  

       

 

0-2cm 22±5 9.7 11±4 12±3 14±4 BDL BDL -22.6 

7-8cm 25±3 9 16±3 16±2 16±3 BDL BDL -24 

12-15cm 19±3 6.7 12±3 11±2 14±3 BDL BDL -24.7 

27cm 14±3 2 10±4 13±2 13±4 BDL BDL -23 

40cm 15±3 NA 19±4 24±3 23±4 BDL BDL -21.7 

*BDL: Below detection level 
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Discussion 

Many recent studies have attempted to quantify seagrass carbon stocks and carbon storage 

potential, highlighting the high variability of carbon accumulation (Kennedy et al., 2010; 

Duarte et al., 2010; Fourqurean et al., 2012; Greiner et al., 2013, Lavery et al., 2013; Serrano 

et al., 2014). The present study attempted to provide, to the best of our knowledge, the first 

estimates of the carbon density in the intertidal seagrass beds in Scotland. 

Carbon storage capacity of Scottish seagrasses and comparison with other studies 

Compared to literature values for seagrass beds, dry bulk density (DBD) values in our 

samples were relatively high. More specifically, the average DBD in intertidal seagrass 

meadows of Scotland was 1.26±0.02 g cm−3, compared to the global average of 1.03±0.02 g 

cm−3 (Fourqurean et al., 2012). The average %OM found in seagrass sediment in our study 

was 2.58±0.08 (mean± SE), as opposed to 4.1±0.8 % (Kennedy et al. 2010). Moreover, 

seagrass sediment Corg values had a median of 0.77 % of dry weight, again lower than the 

one derived from the global dataset (1.8%) (Fourqurean et al., 2012), but comparable to 

values from Zostera marina meadows in siliceous mineral environments (Krause-Jensen et al. 

2011). Down-core sediment profiles generally followed expected trends, with decreases in % 

OM at increasing depth (not statistically significant though), which suggests diagenetic loss 

of carbon due to bacterial remineralisation (Serrano et al., 2012); there was however, great 

variation across sites. In some vertical profiles, such as that of Tay estuary, OM increased 

with depth at ~5-12. As this site is located close to the mouth of river Tay, this pattern may 

be related to changes of the sedimentary environment due to increased supply of river borne 

sediment. In fact, it has been demonstrated in previous studies that the influence of 
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geomorphological characteristics of a site, as well as energy regimes, can alter the 

depositional environment (Lavery et al., 2013).  

 

The effect of species composition and abundance on carbon storage 

The differences observed in previous studies (e.g. Lavery et al., 2013) among seagrass 

species are sufficiently large to conclude that inter-species variation must be taken into 

account when attempting to quantify carbon stocks in seagrass habitats. As it has been 

outlined in detail above, seagrasses can directly contribute to carbon storage by burying and 

preserving their biomass in the underlying soil, but also indirectly by using their canopy 

structure to slow down current velocities and trap suspended material. The deposition of 

suspended particles is dependent on the settling speed, which can be increased by the 

seagrass canopy, contributing to enhanced sedimentation (Boer, 2007). If seagrass canopy 

structure significantly alters the flow, then this will cause net deposition of suspended 

particulate organic matter, augmenting underlying sediments with additional carbon 

(Kennedy et al., 2010; Fourqurean et al., 2012). More specifically, Zostera marina canopies 

have been shown to reduce near-bottom shear stress by 70 to 90% compared to adjacent 

unvegetated areas (Hansen & Reidenbach, 2012) (data produced from this thesis about 

Zostera noltii effects on current attenuation are outlined in chapter 6). In our study, Z. noltii 

plots had significantly higher %OM than Z. marina and mixed plots. Although Z. noltii 

leaves are shorter and less wide than those of Z. marina, the former creates patches that are 

denser than the canopies of the latter (personal observations).  

Moreover, there was no significant relationship between seagrass abundance assessed as 

percent cover and sediment organic matter. Temporal variation in seagrass coverage at any 

given location may not be a good predictor for sediment carbon stocks. Therefore, the 

combination of the canopy structure of seagrasses (even if it is similar between species) and 
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the temporal variation of the above-ground biomass of seagrass meadows, may largely 

contribute to the variability of organic carbon stocks in seagrass sediments of Scotland. 

 

Longevity of carbon stores and sources 

The relative contribution of the carbon sources accumulated in seagrass sediments vary 

widely (Kennedy et al., 2010). Globally, approximately 50% of the carbon in seagrass 

sediments is of seagrass origin (Gacia et al., 2002; Kennedy et al., 2010), whereas the rest is a 

combination of allochthonous (both of terrestrial and aquatic origin) and other autochthonous 

material (algal or epiphytes-derived carbon) that accumulates in seagrass meadows.  

If seagrasses are important carbon sources to their underlying sediments, then we would 

predict that the δ13C of the sediment would reflect the presence of seagrasses inhabiting the 

area. Our results showed that the δ13C of sediments were indistinguishable between seagrass 

and unvegetated plots. We interpret this as a homogenisation of sediment organic matter 

within Tay estuary, which might have been caused by the repeated resuspension and transport 

of sediment. Also, the higher (yet not significant) δ13C values of the organic matter of 

seagrass plots at 27cm compared to surficial samples is indicative of the persistence of 

seagrass-derived carbon relative to other sources following diagenesis.  

Even though our results indicate that in seagrass plots there is excess 210Pb up to 18cm, and 

137Cs and 241Am detected concentrations up to 8cm, as opposed to control plots, where a 

different pattern was observed, no dating model could be fitted. These are therefore 

inconclusive and it is not possible to determine rates of tidal sedimentation in Tay estuary 

using radionuclide analysis. 
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Evaluation of the carbon sequestration ecosystem service provided by intertidal Zostera 

spp. on the east coast of Scotland 

Total Corg stored in the upper 50 cm of the sediment of intertidal seagrasses in Scotland 

ranged from a minimum of 22.7 Mg ha-1 at Moray Firth to a maximum of 107.9 Mg ha−1 in 

the Firth of Forth, with a mean value of 57 Mg ha−1, which are lower than estimates found in 

the literature (252-840 Mg ha−1) (Nellemann et al., 2009; Mcleod et al., 2011; Fourqurean et 

al., 2012). As stressed out in detail in the General Introduction of this thesis, most of these 

studies quantified or used organic carbon estimates of Posidonia oceanica meadows, whose 

ability to sequester and capture carbon is unusual, and as far is known no other seagrass has 

this attribute (Walker et al., 1999; Lavery et al. 2013). Our organic carbon estimates for the 

Scottish seagrass meadows are however, comparable to other studies conducted in Australian 

and Asian seagrass meadows, 26.2-483.3 Mg ha-1 and 38-120 Mg ha-1 respectively (Lavery et 

al., 2013; Miyajima et al., 2015). 

Given that the total seagrass coverage in Scotland is estimated to be 1600 ha (Burrows et al., 

2014), even though we acknowledge that this includes subtidal meadows, we estimated that 

91,200 Mg of organic carbon is already stored in the upper 50 cm, which equals to ~19 Mt of 

anthropogenic CO2 sequestered3. 

 

 

                                                           
3 Total potential CO2 emissions per hectare (Mg CO2/ha) = Conversion factor for the CO2 that can be produced 

from the carbon present in the system * carbon in the system  

• Conversion factor = 3.67, the ratio of the molecular weights of CO2 (44) and carbon (12)  

• Carbon in the system = the mean carbon stock for a given ecosystem 

(Howard J, Hoyt S, Isensee K, Pidgeon E, Telszewski M. (eds.) (2014). Coastal Blue Carbon: Methods for 

assessing carbon stocks and emissions factors in mangroves, tidal salt marshes, and seagrass meadows. 

Conservation International, Intergovernmental Oceanographic Commission of UNESCO, International Union 

for Conservation of Nature. Arlington, Virginia, USA) 
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Chapter 6 

The influence of seagrasses on sediment 

deposition and stability; the Firth of Forth as a 

case study 
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“I set out to discover the why of it, and to transform my pleasure into knowledge.” 

By Charles Baudelaire 

 

 

 

 

Photo: Conducting a microtopographic survey at a seagrass-sediment mosaic in Drum Sands, 

from the author. 
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Introduction 

Biological structures located in coastal subtidal and intertidal ecosystems can attenuate waves 

and directly contribute to coastal protection (Barbier et al., 2011). Mangroves and 

saltmarshes can form effective natural coastal defences (McIvor et al., 2012a; 2012b). The 

coastal vegetation acts as a baffle for waves reducing wave and tidal energy, in addition to 

trapping sediment and raising the marsh profile, thus directly contributing to coastal 

protection. Sediment stabilisation is often acknowledged as an important ecosystem service 

of seagrasses (Hemminga & Duarte, 2000; Short et al., 2007), which in combination with 

other factors can lead to sustained elevation of the soil surface in these habitats (Ondiviela et 

al., 2014). Seagrasses are anchored by a well-developed network of rhizomes and roots that 

eventually becomes part of the soil, and their canopies reduce current speeds aiding the 

settlement of suspended allochthonous material (key processes are shown in Fig. 6.1) (Gacia 

et al. 2003; Chen et al., 2007; Hendriks et al., 2010; Paul et al., 2012).  

The change in sediment surface is influenced not only by surficial processes of sediment 

deposition or erosion but also by subsurface processes (Callaway et al., 1996). Patterns of 

sediment elevation/accretion have been extensively studied in mangroves and salt marshes 

around the world using surface elevation tables (SETs), but these have hardly been used in 

seagrasses (Rumrill & Sowers, 2008; Kairis & Rybczyk, 2010). Rates of sedimentation in 

seagrasses worldwide have been determined by various methods considering historical and 

recent changes (Table 3.1). Elevation monitoring (with e.g. Altus altimeter, Stanley 

compulevel, topographic surveys) (Bos et al., 2007; Ganthy et al., 2013; Paquier et al., 2014) 

and various radiometric dating methods using e.g. 14C, 210Pb (Mateo et al., 1997; Orem et al., 

1999; Mateo et al., 2005; Lo Iacono et al., 2008; Macreadie et al., 2012; Serrano et al. 2012; 
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Serrano et al., 2014; Miyajima et al., 2015; Serrano et al., 2016), allow estimates of long term 

sedimentation rates, whereas sediment traps (Gacia & Duarte, 2001) have proved effective in 

determining recent sedimentation rates, generally extending only over a few months. 

However none of these approaches focused on sediment capture integrated measures of above 

and below ground processes and their effects on surface elevation, which is the main strength 

of the SET approach. 

Coastal areas occupied by seagrasses face anthropogenic and natural threats (increasing 

storms, seawater warming, sea level rise and increasing population) which might be causing 

the decline of seagrass meadows by influencing their physiology, function and structure at 

different spatial scales. Delaune et al. (1994) have shown that these threats can cause both 

large-scale and smaller scale shifts in wetlands. More specifically, large-scale shifts will 

gradually lead to conversion of wetlands to unvegetated areas and terrestrial vegetation at 

lower and higher elevations respectively, whereas smaller scale shifts can influence the 

dominant plant species, by changing its productivity, soil biogeochemistry, and other 

processes (Warren & Niering, 1993). Thus, these threats in the coastal area may lead to rates 

of change too fast to allow seagrasses to adapt, and ultimately to cause the deterioration of 

the ability of seagrasses to provide coastal protection.  

There is, therefore, a need to test the effect of seagrasses on surface elevation and sediment 

deposition and retention to expand our understanding of the functions of seagrass meadows 

and their role in sediment dynamics, thereby extending our understanding of this ecosystem 

service and of the best ways to preserve and enhance it.  

The present chapter aims to assess to what extent Z. noltii beds contribute to sediment 

deposition and stability, and wave reduction in intertidal habitats. This research was 

conducted in the context of a larger study (named SeagraSeDy- Seagrasses and Sediment 
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Dynamics) aimed at determining the role of seagrasses on sediment dynamics in a wide range 

of settings and locations. 

 

Figure 6.1. Key processes that occur at seagrass meadows that drive carbon 

accumulation and sedimentation, thereby affecting their carbon sink capacity and 

coastal protection ability (adapted from Duarte et al, 2013). 
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Table 6.1. Soil elevation and accretion rates of seagrasses worldwide. 

Bioregion Geographic area Sediment 
elevation 
rate mm y-1 
(±SE) 

Sediment 
accretion 
rate mm y-
1 

Method Source Habitat/Species 
present 

Duration 
of  study 

Temperate North 
Pacific 

Oregon, USA 
(Valino Island) 

10.08  Rod Surface-
Elevation Table 
(RSET) 

Rumrill and  
Sowers, 
2008 

Intertidal/ Zostera 
marina, Zostera 
japónica 

1 year 

Oregon, USA 
(Danger Point) 

-5.28  RSET Rumrill and  
Sowers, 
2008 

Intertidal/ Zostera 
marina, Zostera 
japónica 

1 year 

Washington, USA 
(northern sites) 

-5.1 (±1.27)  Surface-
Elevation Table 
(SET) 

Kairis and 
Rybczyk, 
2010 

Intertidal/ Zostera 
marina 

4 years 

Washington, USA 
(southern sites) 

-5.31 
(±2.33) 

 SET Kairis and 
Rybczyk, 
2010 

Intertidal/ Zostera 
marina 

4 years 

Seto Inlad Sea, 
East Asia 

 0.9±0.28 14C Miyajima et 
al., 2015 

Zostera marina NA 

Seto Inlad Sea, 
East Asia 

 0.32 14C Miyajima et 
al., 2015 

Unvegetated area NA 

Temperate North 
Atlantic 

Rhode Island, 
USA 

12.5*   NK Harlin et al., 
1982 

Zostera marina 2 years 

Rhode Island, 
USA 

-7.5*  NK Harlin et al., 
1982 

Unvegetated plots 2 years 

Bassin 
d’Arcachon, 
France 

R=8-32**  Altus altimeter Ganthy et 
al., 2013 

Intertidal/ Zostera 
noltii 

1 year 

Bassin 
d’Arcachon, 
France 

-49**  Altus altimeter Ganthy et 
al., 2013 

Unvegetated area 1 year 

Wadden sea 5 to 7 in 
growing 
season 

 Stanley 
Compulevel 

Bos et al., 
2007 

Zostera marina 
(planting unit) 

3 months 

Wadden sea <0.5  Stanley 
Compulevel 

Bos et al., 
2007 

Unvegetated area 3 months 

Mediterranean Berre Point, 
France 

From -30 to 
-10, to 10-
30 

 DGPS Trimble 
RTK 
topographic 
survey 

Paquier et 
al., 2014 

Zostera noltii 14 months 

Berre Point, 
France 

From -30 to 
-10, to -30 
to -10 

 DGPS Trimble 
RTK 
topographic 
survey 

Paquier et 
al., 2014 

Unvegetated areas 14 months 

Fanals Point, 
Spain 

 2 Sediment traps Gacia & 
Duarte, 
2001 

Posidonia oceanica 14 months 

Fanals Point, 
Spain 

 3 - Gacia & 
Duarte, 
2001 

Unvegetated area 14 months 

Ischia, Italy  1.65 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Culip, Spain  0.61 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Port-Lligat, Spain  4.14 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Campello, Spain  2.03 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Tabarca 1, Spain  1.14 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Tabarca 2, Spain  1.88 14C Mateo et al., 
1997 

Posidonia oceanica NA 
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Medes, Spain  0.79 14C Mateo et al., 
1997 

Posidonia oceanica NA 

Port Lligat, Spain  1.3 14C Serrano et 
al. 2012 

Posidonia oceanica NA 

Port Lligat, Spain  1.1 14C Lo Iacono et 
al., 2008 

Posidonia oceanica NA 

Villajoyosa, Spain  1.9 14C Mateo et al., 
2005 

Posidonia oceanica NA 

Talamanca Cove, 
Spain 

 2.3 14C Serrano et 
al., 2014 

Posidonia oceanica NA 

Pujols Cove, Spain  1.7 14C Serrano et 
al., 2014 

Posidonia oceanica NA 

Mellieha Bay, 
Malta 

 4.9 14C Serrano et 
al., 2016 

Posidonia oceanica NA 

Salina Bay, Malta  4 14C Serrano et 
al., 2016 

Posidonia oceanica NA 

Temperate 
Southern Oceans 

Sydney, Botany 
Bay  

 R=4.7-9.9 14C Macreadie 
et al., 2012 

Posidonia australis, 
Zostera capricornii 

NA 

Spencer Gulf, 
Australia 

 R=0.15-
0.25 

Foraminifera  Cann et al., 
2000 

Posidonia australis NA 

Oyster Harbor, 
Australia 

 0.49 14C Serrano et 
al., 2016 

Posidonia australis NA 

Waychinicup 
Inlet, Australia 

 0.43 14C Serrano et 
al., 2016 

Posidonia australis NA 

Big Lagoon, 
Australia 

 0.51 14C Serrano et 
al., 2016 

Posidonia australis NA 

Port Pirie, 
Australia 

 0.13 14C Serrano et 
al., 2016 

Posidonia australis NA 

Port Broughton, 
Australia 

 2.5 14C Serrano et 
al., 2016 

Posidonia australis NA 

Cockburn Sound, 
Western Australia 

 R=0.6-1.3 14C Serrano et 
al., 2014 

Posidonia sinuosa NA 

Tropical Indo-
Pacific 

Ishigaki Island, 
Southeast Asia 

 1.23 14C Miyajima et 
al., 2015 

Enhalus acoroides NA 

Southern 
Thailand  

 0.82 14C Miyajima et 
al., 2015 

Enhalus acoroides, 
Thalassia 
hemprichii 

NA 

Tropical Atlantic Florida Bay  9±7 210Pb Orem et al., 
1999 

Thalassia 
testudinum 

NA 

Nine Mile Bank, 
Florida bay 

R=5-11  RSET Rudnick 
2012 
(INTECOL) 

Thalassia 
testudinium, 
Halodule wrightii, 
Syringodium 
filiforme 

Over 10 
years 

Russell Bank, 
Cross Bank, Bob 
Allen Bank, 
Florida bay 

R=-1 - -15  RSET Rudnick 
2012 
(INTECOL) 

Thalassia 
testudinum, 
Halodule wrightii 

Over 10 
years 

 

*Harlin et al. reported 2.5cm of accretion in seagrass plots, and 1.5cm of erosion in denuded plots. 

**Ganthy et al. reported that between February and September of 2009, sediments were accreted at all seagrass stations 

(+41mm, +16mm, +15mm for high density HD, medium density MD and low density LD plots respectively) whereas 

unvegetated showed minimal change (+3mm). Between September 2009 and February 2010, sediments eroded at all 

seagrass stations (-9mm, -6mm, -7mm for HD, MD and LD respectively), whereas the unvegetated station showed a strong 

erosion of -54mm. 
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Materials and Methods 

Study System 

The study was conducted on a Zostera noltii meadow on the intertidal flat of Drum Sands in 

the macrotidal Firth of Forth (Fig. 6.2), Scotland (55°59'01.7"N 3°19'06.9"W) from June 

2014 to June 2016. A detailed description of the site and the dynamics of the Z. noltii 

meadow can be found in chapter 3. In short, Z. noltii was found growing in a mosaic, with 

patches of different size and shoot density, which ranged from 105 to 1881 shoots m-2 

annually, with an average shoot length of 179 ± 9 mm (± SE). The local microtopographic 

relief retains water during low tides, with a mosaic of mounds with seagrass growing on the 

top, and generally unvegetated pools. 

 

 

Figure 6.2. Location of the study area. Right panel shows the position of the Surface 

Elevation Change Pin (SECP) plots. 
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Elevation measurements 

Establishment of Surface Elevation Change Pins (SECPs) 

Ten 1x2m plots, five treatment plots (with seagrass) and five control plots (no seagrass), were 

established in June 2014 in Drum Sands (Fig. 6.2). Each plot consisted of six stainless steel 

bar rods (5mm diameter, 1.2m length) protruding ~20cm above the sediment surface and two 

marker horizons (feldspar plots 20x20cm each) located inside the plot. The layout of a 

sampling plot is presented in Figure 6.3. Elevation measurements were collected monthly 

until June 2016, placing a light plastic washer over the rod so that it rested gently on the 

sediment and measuring upwards from this to the tip of the exposed rod as an integrated 

measure of sediment surface. The marker horizons were laid on the sediment surface in July 

and September of 2014, and sampled one month in the first case, and one week and two 

weeks in the second case. 

 

 

Figure 6.3. A) Top view of the Surface Elevation Change Pin (SECP) plot layout, B) 

Vertical position of rods. 
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Laser scanning 

Data acquisition 

Firstly, a coordinated baseline was established, tied to national grid and datum. Two metal 

pegs were installed approximately 90m apart on the shore above the high water line. These 

points were then observed using Network Real Time Kinematic (RTK). Network RTK is the 

means of carrying out real-time Global Navigation Satellite System (GNSS) survey using 

corrections from the national active grid transmitted over a cellular link. Relative accuracy to 

national grid is typically 10mm in plan and 20mm in height. Each point was observed twice 

for three minutes, with 20 minutes between each observation to allow for movement in the 

satellite constellation, in line with the current guidelines issued by the Royal Institution of 

Chartered Surveyors (RICS) and The Survey Association. Using a Trimble S6 robotic total 

station with an angular accuracy of 5”, one of the control points was set-up and a reference 

shot was observed to a prism mounted on a tripod on the other control point. This allowed the 

instrument to be orientated to the grid. Once the study area had been defined (80x60 m) (Fig. 

6.4), three circular scan targets were placed on tripods around the extent of the site. The 

position of these targets was established by observing using reflectorless laser measurement 

to the centre of each target. The derived co-ordinates of the three targets were then inserted 

directly to the laser scanner. The laser scanner used was a Leica C10.  Having entered the 

target co-ordinates, the scanner was able to locate each target and carry out a detailed scan to 

identify the target centre.  

Once all three targets had been identified, the scanner established its position by resection.  

Having established its position, a 360º scan was carried out. Once completed, the scanner was 

moved to a different location and the resection process was repeated. In this case, a scan was 

completed on the shore, as the ground was slightly more elevated and would therefore give a 

reasonable overview of the study site.  Scans were also completed at 15-20m intervals along 



112 
 

the approximate centreline of the study area to get as good coverage as possible. On the day 

of the survey, it was quite windy and the identification of the scan targets proved difficult due 

to the scanner vibrating slightly in the wind.  There was also a significant amount of standing 

water in the low areas of the mudflats once the tide had gone fully out.  

 

Figure 6.4. Top panel: Terrestrial Laser Scanner (TLS) and target poles deployment, and 

scanned area; Bottom panel (from the left to the right): Trimble S6 robotic total station; 

TLS equipment at the study site; Part of the study area at low tide. 

 

Data analysis 

Raw data were processed (referred to as registration thereafter) in Leica Cyclone software, 

using the target coordinate values established during the field work. The registration results 

indicated a potential maximum positional error of up to 12mm across the 5 observed scans. 

The registered data was exported from Cyclone in .PTS format and were imported into a 
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multitude of additional software packages for further analysis.  The resultant point cloud in 

.PTS format, was a total 1.8 Gb size and contained approximately 15.6 million points. The 

data was then imported into Cloud Compare software, which is an open source product 

utilised for analysis of 3D models against measured point cloud data. The software is 

typically used for analysis of components in a manufacturing environment, and was selected 

for this project as it allows a high level of control of the outputs and is able to analyse very 

small deviations. The previously exported .PTS file was transformed from the surveyed 

national grid coordinate system to a temporary position to assist the software algorithms.  As 

is often the case when working with point cloud data, one of the significant limitations is the 

sheer volume of calculations to be performed on the dense dataset. Typically software 

struggles to compute when working with large coordinate values and this manifests as a shift 

in the data due to rounding issues when working to decimals of 6 figure coordinates.  In this 

instance the data was offset by -317700E, -677500N to alleviate this problem. The imported 

data were then analysed by the software and a best fit plane established in order to provide 

the datum for further assessment. A computation of the offset of each point was calculated 

relative to the best fit plane, with limits set at 100mm above/below to disregard potential 

outliers.  In this instance, outliers were likely to have been caused by the survey equipment 

itself or the operators using the equipment (e.g. the tripod legs stood on the mudflat have 

been recorded and this data was omitted from any assessment). Using the relative calculated 

differences, a colour gradient was applied to the point cloud in order to isolate those points 

above and below the plane.  In this case a red (positive) and blue (negative) gradient was 

chosen.  
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Water motion  

To evaluate the wave reducing effect of seagrass patches, we compared weight loss of plaster 

of Paris blocks, ‘clod cards’, deployed at the ten plots described above. Relative weight loss 

by dissolution of the plaster is considered a proxy for hydrodynamic forcing and integrates 

effects from tidal currents and waves (Muus, 1968; Doty, 1971; Porter et al., 2000). The 

blocks were moulded using Plaster of Paris, which were made in ice cube trays. They were 

attached to plastic rings with silicon, which was applied to the base of each block, and then 

the block-ring complex (4 clods per stick) was fastened with cable ties on the wooden sticks 

(Fig. 6.5A).  The sticks were pinned into the sediment (Fig. 6.5B) and left in situ for 24 hours 

(2 tides) and 48 hours (4 tides) in August 2015.  The blocks were weighed before and after 

each deployment, after drying at 40ºC until constant weight.  

 

 

Figure 6.5. A) Making of ‘clod cards’, B) Deployment of ‘clod cards’ in the field. 

 

 

A B 
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Statistical analysis 

Statistical analyses were performed using Minitab 17. All data were checked for normality 

and homogeneity of variances. When assumptions were not met the data was log10 or 

log10(x+1) transformed. Two sample T-tests were used to test differences in the i) weight 

loss of plaster blocks between seagrass and control plots, and ii) accretion rates between 

seagrass and control plots using marker horizons. Multivariate analysis of variance 

(MANOVA) was used to test the effects of time, plot type (seagrass-control) and their 

interaction on sediment elevation.  

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

Results 

Water motion 

The weight loss of the plaster blocks deployed in control (unvegetated) plots was 

significantly higher than seagrass plots after 48h (T=-4.67, p<0.01), indicating that 

hydrodynamic energy was lower at seagrass patches compared to unvegetated areas. This was 

not observed, however, 24h after deployment; in that case the weight loss of the plaster 

blocks of control plots was not significantly different from seagrass plots (T=-1.69, p=0.152).  

More specifically, the weight of the plaster blocks in seagrass plots was reduced by 14% and 

32% after 24h and 48h respectively, whereas in unvegetated areas, that reduced by 17% and 

42% (Fig. 6.6). 

 

 

Figure 6.6. Weight loss of clod cards in seagrass and control plots after 24h and 48h 

(Error bars: CI). 
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Sediment elevation  

 

Surface Elevation Change Pins 

 

Elevation change at seagrass plots were significantly higher than those in the control plots 

(F=233.36, d.f=1, p<0.001). The seagrass plots had the highest rate of elevation change with 

an increase of 11.5 mm y-1, whereas the control plots moved in the opposite direction and lost 

elevation at a rate of 4 mm y-1. However, elevation change was not consistent during the 

course of the study. More specifically, from June to October 2014, seagrass plots steadily 

increased in elevation (+15 mm) and retained the sediment deposited throughout the winter. 

In summer 2015, constant levels were observed, with fluctuations from August to April 2016, 

when slight increases were recorded again (+17 mm). Control plots decreased in elevation for 

the first 5 months (-38 mm), before steadily increasing in elevation for the next 8 months 

(Fig. 6.7). The same pattern was also observed throughout the second year of monitoring, 

with decreases in elevation during autumn-winter and steep increases from April to June 

2016. There was a statistically significant difference in sediment elevation based on plot type 

(df=1; F=227.6; p<0.001; Wilk's Λ = 0.09), whereas no significant effect of time was found 

(df=23; F=0.947; p =0.55 ; Wilk's Λ = 0.51) 
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Figure 6.7. Cumulative surface elevation change at seagrass and control plots in Drum 

Sands, Edinburgh from June 2014 to June 2016 (Error bars: CI). 

 

Marker horizons 

Marker horizons were laid on the sediment on two occasions. The first deployment occurred 

in July 2014, and checked a month after, when only two marker horizons out of twenty were 

located. One marker horizon was found 1cm below the surface in a seagrass plot, whereas 

another was found on the surface in a control plot. During the second deployment in 

September, marker horizons were left on site one week and two weeks. After one week, the 

marker horizons were found 0.4±0.2 cm (Mean±SD) below the surface in the seagrass plots 

and 0.2±0.2 (Mean±SD) below the surface in the control plots, but these did not significantly 

differ (T=-0.84, p=0.427). After two weeks, the feldspar layers were not located in any of the 

plots.  
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Terrain analysis 

The microtopographic relief of Drum Sands is shown in Figure 6.8. The relative differences 

are presented as a contour plan with a contour interval of 0.1 m in order to highlight the areas 

of mounds (red) and pools (blue). The site elevations ranged from -34 mm to +38mm. Also, 

the ground had a barreled profile running longitudinally along the shore line.  In this case the 

colouring would imply a depression along the landward edge of the sample area, due to the 

best fit plane being weighted towards the higher barreled land where the seagrass was 

present. 
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Discussion 

Sediment accumulation in seagrass beds result from a balance between deposition of 

suspended sediment and resuspension. The capacity of seagrasses for balancing these two 

processes is highly dependent on the plant development stage and health, as well as on local 

conditions. Sediment stabilisation by seagrasses has been generally attributed to seagrass 

canopy properties (Bouma et al., 2005; Hendriks et al., 2010; Paul et al., 2012). This raises 

the question to what extent fast growing seagrass meadows like Zostera noltii with most of 

their biomass in belowground material can still contribute to sediment deposition and 

retention.  

The results of this chapter demonstrate that seagrass meadows with a low density can still 

stabilise sediments effectively compared to unvegetated areas. Seasonal changes in Z. noltii 

aboveground biomass support the hypothesis that during the growth season (spring and 

summer), sediment trapping will be enhanced as reported in other species, but are based on 

limited data (Gacia & Duarte, 2001; Gacia et al., 2003). Nevertheless, even during autumn 

and winter, when aboveground biomass is minimum, seagrass plots can retain the sediment 

that has been deposited in the previous months, as opposed to bare plots, highlighting the 

ability of the root-rhizome system to stabilise the sediment. Particularly, in our study after 

two years of monitoring, the sediment elevation was higher in seagrass plots as opposed to 

bare plots.  

Topographic relief of the site also revealed that Z. noltii patches are not passive elements in 

the overall sediment dynamics creating a specific pattern with mounds, where seagrass is 

present and depressions with no seagrass. Therefore, this topography and the results of the 

SET work suggest that seagrass presence causes the sediment level to remain higher 
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compared to unvegetated areas. It can be speculated that due to the relative difference of the 

height between high and low points, seagrasses have been present on the site over a long time 

scale forming this particular profile.  

Environmental disturbances, however, can cause sediment resuspension, during storms and 

tides, especially in highly dynamic intertidal habitats, facilitating surface sediment mixing 

and removal.  Indeed, the feldspar plots used in this project had limited success as marker 

retrieval became increasingly difficult two weeks after deployment. The use of similar 

approaches can be very effective in areas with slow water movement, providing data on 

sediment accretion over months to years (e.g. Kumara et al., 2010). However, the rapid loss 

of the marker horizons here demonstrates the dynamic nature of the site, and suggests that the 

mechanisms that result in greater surface elevation (or slower surface erosion) in seagrass 

plots compared with bare controls are more complex than simply passive settlement of 

unconsolidated sediment particles. 

Previous studies in seagrasses on sediment elevation and accretion, using multiple methods 

(SET, RSET, Altus altimeter, DGPS Trimble RTK and Stanley compulevel for elevation; 

radioisotopes 210Pb and 14C for accretion) and sampling a wide range of elevations (subtidal 

to high intertidal) have yielded variable results. Regarding sediment elevation, when pooling 

all available data from the literature, seagrasses are facilitating sediment deposition with a 

rate of 5 ± 3.28 mm y-1 (Mean±SE), whereas at unvegetated plots (where available), sediment 

is eroding with a rate of 26 ± 12.3 mm y-1 (Mean±SE) (Harlin et al., 1982; Bos et al., 2007; 

Rumrill & Sowers, 2008; Kairis & Rybczyk, 2010; Ganthy et al., 2013; Paquier et al., 2014). 

Regarding sediment accretion, Orem et al. (1999) used 210Pb, revealing accretion rates of 9 ± 

7 mm y-1 (Mean±SE), Gacia & Duarte (2001) used sediment traps showing an accretion of 2 

mm y-1, whereas 14C dating suggest much lower accretion rates at the millennial time scale, 



123 
 

with an accretion of 1.6 ± 0.3 mm y-1 (Mean±SE). Accretion rates using radiosotopes 

represent century (210Pb) or millennial (14C) timescales, reflect historical rates and cannot be 

assumed to accurately depict current conditions.  Furthermore, the aforementioned methods 

assume stable and undisturbed sediment conditions, without taking into account the sediment 

mixing and erosion that can occur at a given site, potentially confounding the results. 

Moreover, radioisotopes integrate environmental processes, such as shallow subsidence, over 

different time scales (Neubauer et al. 2002), highlighting the weakness of these methods 

when used solely to estimate accretion rates.  

The continual elevation of the sediment surface relies on the root-rhizome system, which 

securely anchors the sediment, whereas the leaves reduce current speeds aiding the settlement 

of allochthonous material. Nevertheless, due to the worldwide decline of seagrasses over the 

last century (Orth et al., 2006; Waycott et al., 2009), significant changes may occur in these 

habitats with long-term damages. A decline of Z. noltii meadows in the studied area would 

not only likely cause a drastic decrease in sediment deposition, but also sediment 

resuspension would increase due to the loss of hydrodynamic protection, as observed in the 

unvegetated areas. It is important, therefore, to measure and understand the effect of all the 

processes involved on sediment accretion and elevation on a range of settings and locations, 

with a combination of methods and multi-scale approaches over long-term studies.  
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“Each man delights in the work that suits him best.” 

By Homer, The Odyssey. 

 

 

 

 

Photo: Mudflat in Drum Sands with Cramond Island in the background, from the author. 
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The research presented in this thesis has significantly progressed the understanding of plant 

dynamics, carbon storage and sedimentation in Scottish seagrass meadows addressing some 

knowledge gaps and leading to further insights into not only their regional, but also global 

role in Blue Carbon ecology and sediment dynamics. This study has demonstrated that 

intertidal seagrass meadows contain variable quantities of organic carbon in their sediments 

as a result of many processes, which accords with previous research conducted in other 

geographic areas or studies that compiled global datasets (Mateo et al., 2006; Kennedy et al., 

2010; Fourqurean et al. 2012; Lavery et al. 2013). These processes include the sequestration 

of carbon derived from autochthonous, as well as allochthonous sources, the storage and 

retention of the organic carbon, and its eventual preservation in the sediment. Seagrass 

habitats are highly variable, however, with the species composition and abiotic environment 

unique to any given meadow. Since both the plant characteristics and the habitat 

characteristics affect the processes critical to carbon storage, it is not a surprise that carbon 

stores differ among meadows. This variability in carbon stores is apparent not only in 

meadows of different species composition, but also among meadows of the same species 

(Chapter 5), confirming earlier studies that had measured stores in different seagrass 

ecosystems (Fourqurean et al., 2012; Lavery et al., 2013). Seagrasses can directly contribute 

to carbon storage by burying and preserving their biomass in the underlying sediment. 

Therefore, seagrasses with higher productivity are expected to have large carbon stores in 

sediments.  Seagrasses, however, can also use their canopy structure to slow down current 

velocities and trap suspended material. Thus, the deposition of allochthonous material is 

facilitated (e.g. suspended particles) by the seagrass canopy, contributing to enhanced 

sedimentation (Chapter 6). This is supported by the findings of this study as although Z. noltii 

leaves are short (Chapter 3) when compared to Z. marina leaves, they create dense patches 

that can significantly alter the flow (Chapter 6) causing deposition of suspended particles, 
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augmenting underlying sediments with additional carbon (Chapter 5). After organic material 

has been buried into the sediment, it can be retained and the longevity of these stores has 

been demonstrated to be up to millennial scales (Mateo et al., 1997; Mateo et al., 2006). In 

the sediment, this organic carbon may undergo different fates; it can decompose, increase in 

content, or remain constant with depth (Chapter 5). That depends on the relative recalcitrance 

of the organic material and the diagenetic processes that occur with sediment depth and age, 

which are also influenced by the abiotic geochemical environment that occur in the seagrass 

sediments and the fauna that are associated with them.   

 

Quantification, preservation and prediction of organic carbon stocks in seagrass 

meadows 

 

The importance of seagrass meadows as valuable carbon sinks has been of growing interest 

during the past decades (Smith, 1981; Duarte & Cebrian, 1996; Nellemann et al., 2009). 

More recently, awareness on the significance of organic carbon storage in seagrass meadows 

has increased (e.g. Fourqurean et al., 2012; Lavery et al.; 2013; Campbell et al., 2014; 

Macreadie et al., 2014; Miyajima et al., 2015; Ricart et al., 2015) with the recognition that 

seagrasses are experiencing a global decline at an estimated annual rate of 7% (Waycott et al. 

2009). Losses of cover simultaneously entail losses in ecosystem services, including this 

important carbon sequestration capacity (Marbà et al., 2015; Ricart et al., 2015). In this 

context, the findings of this study significantly improved our understanding of any 

differences that might occur in the accumulated carbon between seagrass and bare plots 

(Chapter 5), exploration of which was facilitated by the characteristic mosaic that these create 

(Chapter 6). For the majority of published studies, quantification of carbon stores are limited 

to estimates of vegetated areas, which offers minimal insights on the potential changes in 

stores occurred from the past to recent times. The data in Chapter 5 encompass 70 cores from 
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7 estuaries, including Zostera noltii, Zostera marina, and control areas, which will be a 

reference for future studies on those sites and other geographic areas with the same species 

composition, as well as of global interest due to the presence of bare plots within the 

meadows. Among the 17 meadows studied, there were differences in carbon stores (Chapters 

5) revealing a between-species variation. These observations substantiates findings from 

earlier studies (Lavery et al. 2013) that showed the importance of habitat characteristics in 

driving the large range of carbon values among meadows. Fourqurean et al. (2012) after 

compiling all available data on carbon storage concluded that seagrass sediments hold highly 

variable carbon stocks with a range from 9 to 628 Mg OC ha-1, and the results of the present 

thesis fall within the range of those estimates (23-108 Mg OC ha-1). In addition, in this thesis 

the carbon stocks were explored both stratigraphically, assessing the stores over a given depth 

of sediment and chrono-stratigraphically, assessing the stores accumulated over given time 

periods. The latter is especially important in order to understand the preservation aspect of 

carbon sequestration. Although it has been identified as a distinct knowledge gap (Mateo et 

al. 2006), the dynamics of organic carbon preservation in seagrass meadows are still poorly 

understood. Stratigraphic analyses generally revealed expected trends, with decreases in % 

organic matter at increasing depth; there was however, great variation across sites. In the Tay 

estuary, organic matter increased with depth, and thus a chronostratigraphic analysis using 

radionuclides was conducted to reveal any potential temporal patterns. Even though our 

results indicated that in seagrass plots there was excess 210Pb down to 18cm, and 137Cs and 

241Am, no dating model could be fitted, and thus it was not possible to determine rates of tidal 

sedimentation.  

The implication is that predicting stores among seagrass meadows can be highly complicated 

due to the interactive effects of species and the abiotic environment.  A model generalising 

carbon stores, however, could be simplified considering two main aspects: the amount of 
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organic matter available for burial (both autochthonous and allochthonous) and its retention, 

informed by geophysical and environmental conditions present. 

 

Recommendations for future Blue Carbon research  

Despite the enormous socio-economic value and multiple ecosystem services of seagrasses, 

they are some of the most heavily used and threatened natural systems globally; 30% of 

seagrasses have been either lost or degraded worldwide over the last 50 years (Waycott et al., 

2009). Whereas the protection of terrestrial carbon sinks, has been enhanced by conservation 

programs at an international level (e.g. REDD), the still scarce and geographically limited 

number of studies on sediment carbon deposits and uncertainties on the carbon sequestration 

capacity of seagrass meadows restricts the development of similar strategies for them. Since 

the publication of the first Blue Carbon report (Nellemann et al., 2009) and the first study 

providing global estimates of seagrasses’ carbon stocks, many knowledge gaps have been 

identified which can be summarised into three key areas: i) carbon sequestration in different 

climates with different species composition; ii) longevity of carbon stocks; iii) global extent 

of seagrass cover and fate of carbon after losses of seagrass areal coverage. It is apparent that 

complex processes cause local and regional variability in estimates of seagrass carbon stocks 

and accumulation. In order to produce more reliable estimates of global seagrass carbon 

stores and improve our understanding of sediment accretion, there is a need for further 

research integrating the role of sediment biogeochemistry, seascape structure, plant species 

architecture and hydrodynamic regime.  

Similarly, sediment instability, due to bioturbation and erosion, may facilitate the export of 

the deposited organic material or expose this to oxygenated conditions resulting in increased 

microbial activities and remineralisation of organic carbon rich substrates (Koho et al. 2013).  
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Since microbial activities can lead to diverging fates of buried organic carbon by either 

remineralisation or preservation, further research on the microbial communities in seagrass 

sediments may be key to understanding the diagenesis of carbon. This thesis has addressed 

some knowledge gaps in understanding the carbon storage and preservation potential of 

seagrass meadows. Fundamentally, the outcomes of this thesis led to insights on the carbon 

sequestration and sediment retention in seagrass patches as compared to unvegetated areas 

while highlighting further research to improve our knowledge of the Blue Carbon potential of 

these ecosystems.  

In order to better manage seagrass meadows, for them to adapt to or mitigate climate change, 

and produce information acquired for the carbon trading programs, it is crucial to fill the 

aforementioned gaps in knowledge and understand the main factors that influence the 

capacity of seagrass meadows to capture and store carbon, and affect the sediment dynamics. 

By understanding the main factors that affect these processes, the conservation and 

restoration of seagrass meadows can be implemented in the most beneficial manner. This can 

be achieved by prioritising the protection of the seagrass species and/or meadows with the 

highest carbon storage capacity, and developing restoration projects in areas most suitable for 

seagrass growth (Duarte et al. 2013). 

 

Seagrasses and coastal protection 

Sediment stabilisation is often acknowledged as an important ecosystem service of seagrasses 

(Hemminga & Duarte, 2000; Short et al., 2007), and seagrass beds have been shown to 

attenuate hydrodynamic energy from currents and waves and thereby trap suspended 

sediment and enhance sediment accretion (Gacia et al. 2003; Chen et al., 2007; Hendriks et 

al., 2010; Paul et al., 2012). With respect to sediment stabilisation, most studies consider the 

effect of the canopy in the reduction of the hydrodynamic forces that may reach the sediment. 
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The continual elevation of the sediment surface relies on the root-rhizome system, which 

securely anchors the sediment, whereas the leaves reduce current speeds aiding the settlement 

of allochthonous material. Nevertheless, due to the worldwide decline of seagrasses over the 

last century (Orth et al., 2006; Waycott et al., 2009), significant changes may occur in these 

habitats with long-term damages. A decline of seagrass would not only likely cause a drastic 

decrease in sediment deposition, but also sediment resuspension would increase due to the 

loss of hydrodynamic protection, and subsequent loss of carbon stocks. 

 

Some general thoughts on promoting management of coastal vegetation for climate 

change mitigation- The wider benefits 

The present century is an era of human population explosion with concomitant urbanisation, 

industrialisation, exploitation of living and non-living resources and a myriad of other 

activities. Expected scenarios indicate that cumulative demands will threaten the planet’s 

resources and services accelerating the rate at which biodiversity is being lost. The coastal 

ecosystems sustaining a wide spectrum of flora and fauna are no exceptions to this rule. 

Despite their enormous socio-economic value and ecosystem services, they are some of the 

most heavily used and threatened natural systems globally. Their deterioration due to human 

activities is intense and has been the subject of a number of studies during recent years. 

Researchers have demonstrated that 30% of seagrasses and 50% of saltmarshes have been 

either lost or degraded worldwide over the last 50 years (Waycott et al., 2009). 

In the past, climate change mitigation has focused on conservation of terrestrial forests and 

peat lands but coastal vegetated habitats are being increasingly recognized for their important 

role in carbon sequestration. Recent analysis suggests that when the carbon stored in the top 

metre of soil/sediment is accounted for, the mean estimated carbon emissions from loss of all 

three main types of coastal vegetation globally is similar to the annual fossil fuel CO2 
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emissions of the United Kingdom (the world’s 9th ranked country by emissions) (Pendleton 

et al., 2012). The management and conservation of coastal ecosystems have been identified as 

an important missing piece or gap in the climate change mitigation matrix, both at national 

and international level. So is it cost effective to invest in the conservation and restoration of 

coastal ecosystems, as a means of reducing atmospheric carbon?  

As nations struggle to reduce greenhouse gases (GHG) emissions, it has become apparent that 

targets and commitments cannot be met through increased regulation of any single source of 

GHGs. Avoided emissions through coastal ecosystems conservation is likely one of the many 

options that should be included in a portfolio of cost-effective mechanisms for GHG 

reductions. Progress has been made to include these ecosystems in international and national 

policy and financial mechanisms, but full integration of coastal management activities as part 

of a countries’ portfolio of solutions to mitigate climate change has not yet been realised. The 

potential income generated by conserving coastal vegetation habitat for their carbon storage 

has been estimated to be comparable to, or to exceed, the potential income of some of the 

more common causes of conversion or degradation (e.g. crops, livestock).  Can monetary 

payments for “blue carbon” rearrange economic incentives to favour protection of coastal 

habitats? The idea could be analogous to payments for Reducing Emissions from 

Deforestation and forest Degradation (REDD), an instrument of global climate policy that 

aims to curtail deforestation and forest degradation. Like REDD, incentives to retain rather 

than emit “blue carbon” would preserve biodiversity both at local and national scales. This 

opportunity to incorporate the carbon services into policy and management could lead to 

additional conservation that would protect the multiple benefits these ecosystems provide to 

humans, including protection from storms and sea level rise, prevention of shoreline erosion, 

regulation of water quality, provision of habitat for numerous commercially important and 

endangered marine species, and food security. Each of these services, whether it is monetised 
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or not, provides additional value and increases the net value of protection and restoration by 

adding to the potential benefits, and thus offsetting the real costs of conservation. 
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“Keep Ithaka always in your mind. 

Arriving there is what you are destined for. 

But do not hurry the journey at all. 

Better if it lasts for years, 

so you are old by the time you reach the island, 

wealthy with all you have gained on the way, 

not expecting Ithaka to make you rich. 

 Ithaka gave you the marvelous journey. 

Without her you would not have set out. 

She has nothing left to give you now. 

 And if you find her poor, Ithaka won’t have fooled you. 

Wise as you will have become, so full of experience, 

you will have understood by then what these Ithakas mean.” 

By C.P. Cavafy, Collected Poems. 

 

 

Photo: Subtidal seagrass meadow consisting of Thalassodendron and Thalassia in Gazi bay, 

Kenya, from the author. 
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Chapter 3 

Zostera noltii, with a distribution between Norway and Mauritania, is a temperate intertidal 

seagrass species, whose morphology and growth rates vary at different geographic and 

temporal scales. This chapter aimed to investigate the seasonal variation of the shoot density 

of Z. noltii, as well as the dynamics of flowers, leaf length, coverage and wasting disease 

prevalence during the growth season, in Drum Sands, Firth of Forth. Z. noltii shoot density 

showed a strong seasonal component following the unimodal curve typical for temperate 

seagrasses, with some inter-annual variations observed. Morphological characteristics during 

the growth season followed similar trends, to those already described in previous published 

studies. In general, Z. noltii dynamics in the study areas showed similar patterns to intertidal 

meadows in other geographic areas (e.g. Italy, used here to compare), as opposed to 

comparisons with subtidal Z. noltii populations (e.g. France, Portugal), highlighting the 

potential effect of environmental factors, grazing, hydrodynamics, as well as anthropogenic 

factors on the intertidal zone. 

 

Chapter 4 

Determining plant cover is necessary for a wide range of ecological research including 

coastal vegetation assessment and management, ideal for both seasonal and long-term 

monitoring. Although visual assessment is the most common method, it is time consuming 

and subject to interobserver variability, whilst existing photographic methods (aerial and 

satellite) usually require expensive equipment and complex analysis. In this chapter, a 

method using digital images for estimating seagrass cover based on RGB colour indices was 

developed and tested in photos with i) multiple species of seagrasses present, ii) macroalgae, 

and iii) reflected light. Modified excessive green index (MEGI) showed the highest potential 

for segmenting seagrass from sediment background (error of misclassification at 3.86 %). 



145 
 

Although the segmentation proved difficult in photos with multiple species of seagrasses, 

macroalgae and/or reflected light areas present, the proposed method is generally an 

inexpensive and precise technique for quantifying seagrass percent coverage. 

 

Chapter 5 

Although seagrasses cover only a minor fraction of the ocean seafloor, their carbon sink 

capacity account for nearly one fifth of the oceanic organic carbon budget, making them an 

important element of the coastal ecosystems. This chapter aimed to assess the carbon storage 

capacity of intertidal seagrasses (Zostera noltii and Zostera marina) in Scotland, providing 

estimates of organic carbon density, burial rates and sources of carbon. Total Corg stored in 

the upper 50 cm of the soils of intertidal seagrasses in Scotland was estimated to be 57 Mg 

ha−1 on average, which is comparable to other studies conducted in Australian and Asian 

seagrass meadows. Species composition had a significant effect on carbon stocks, with Z. 

noltii storing the largest amount of organic matter, followed by Z. marina and mixed plots, 

whereas depth and seagrass abundance (assessed as cover) had no effect on organic matter 

(p=0.883 and p=0.632 respectively). It was however, difficult to determine rates of tidal 

sedimentation in Tay estuary using radionuclides, and δ13C of sediments were 

indistinguishable between seagrass and unvegetated plots. It is therefore crucial to further 

investigate the role of sediment biogeochemistry, seascape structure, plant species 

characteristics and hydrodynamic regime in order to explain the great variability in seagrass 

carbon stores. 
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Chapter 6 

Coastal zones are characterised by fragile and complex equilibria that are subjected to 

anthropogenic pressure. Seagrasses are key elements of coastal areas, whose effects on 

sediment stabilisation and accretion are widely acknowledged. This chapter aimed to assess 

to what extent Zostera noltii beds contribute to sediment deposition and stability, and wave 

reduction in the intertidal zone, through a combination of methods. The results of this chapter 

demonstrate that Zostera noltii patches can stabilise sediments effectively compared to 

unvegetated areas (net sediment elevation in seagrass plots +23mm and bare plots -8 mm in 

two years). Even during autumn and winter, when aboveground biomass was at a minimum, 

seagrass plots retained the sediment that has been deposited the previous months, as opposed 

to bare plots, highlighting the ability of the root-rhizome system to stabilise the sediment. In a 

larger spatial scale, a laser topographic survey of the site also revealed a specific pattern with 

mounds and depressions. Although our results were derived from a combination of methods 

multi-scale approaches, it is important to stress that long-term studies are needed in order to 

understand the effect of all the processes involved on sediment accretion and elevation in 

seagrass beds. 
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APPENDIX 

 

Matlab code for the calculation of colour indices 

function [ toreturn ] = Indexseagrass( photo ) 
%UNTITLED Summary of this function goes here 
%   Detailed explanation goes here 

  
img=imread(photo); 
r=img(:,:,1); 
g=img(:,:,2); 
b=img(:,:,3); 

  
r=double(r); 
g=double(g); 
b=double(b); 

  
%normalized R,G,B values 
todivide = r + g + b; 
todivide(isnan(todivide)) = 0 ; 
r(isnan(r))=0; 
g(isnan(g))=0; 
b(isnan(b))=0; 

  
r2=(r./todivide); 
g2=(g./todivide); 
b2=(b./todivide); 

  
r2(isnan(r2))=0; 
g2(isnan(g2))=0; 
b2(isnan(b2))=0; 

  
%G-B index 
gb=g-b; 

  
%R-B index 
rg=r-g; 

  
%normalised R-G index 
rg2=r2-g2; 

  
%normalized G-B index 
gb2=g2-b2; 

  
% EGI calculation 
egi=2*g2-r2-b2; 

  

  
% MEGI calculation 
t1 = (g2>=b2) | (g2>=r2); 
megi = egi.*t1; 

  
% NDI calculation normalised difference index 
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ndi= abs(r2-g2)./ (r2+g2); 

 
 

  
% Blue green index  
bgi= (g2-b2)./ abs(r2-g2); 

  
% Saturation calculation 
[rownum,colnum] = size(r); 
tmp = ones(rownum,colnum); 
sat=tmp-3*min(r2,min(g2,b2)); 

  
% Hue calculation 
hsv = rgb2hsv(img); 
hue = hsv(:, :, 1); 

  
% values of all indexes 

  
[rownum,colnum] = size(g); 
size_g = rownum*colnum; 
sum_g = sum(sum(g)); 

  
[rownum,colnum] = size(r); 
size_r = rownum*colnum; 
sum_r = sum(sum(r)); 

  
[rownum,colnum] = size(b); 
size_b = rownum*colnum; 
sum_b = sum(sum(b)); 

  
[rownum,colnum] = size(g2); 
size_g2 = rownum*colnum; 
sum_g2 = sum(sum(g2)); 

 
[rownum,colnum] = size(r2); 
size_r2 = rownum*colnum; 
sum_r2 = sum(sum(r2)); 

  
[rownum,colnum] = size(b2); 
size_b2 = rownum*colnum; 
sum_b2 = sum(sum(b2)); 

  
[rownum,colnum] = size(bgi); 
size_bgi = rownum*colnum; 
sum_bgi = sum(sum(bgi)); 

  
[rownum,colnum] = size(ndi); 
size_ndi = rownum*colnum; 
sum_ndi = sum(sum(ndi)); 

  
[rownum,colnum] = size(rg); 
size_rg = rownum*colnum; 
sum_rg = sum(sum(rg)); 

  
[rownum,colnum] = size(rg2); 
size_rg2 = rownum*colnum; 
sum_rg2 = sum(sum(rg2)); 
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[rownum,colnum] = size(egi); 
size_egi = rownum*colnum; 
sum_egi = sum(sum(egi)); 

  
[rownum,colnum] = size(megi); 
size_megi = rownum*colnum; 
sum_megi = sum(sum(megi)); 

  
[rownum,colnum] = size(gb); 
size_gb = rownum*colnum; 
sum_gb = sum(sum(gb)); 

  
[rownum,colnum] = size(gb2); 
size_gb2 = rownum*colnum; 
sum_gb2 = sum(sum(gb2)); 

  
[rownum,colnum] = size(sat); 
size_sat = rownum*colnum; 
sum_sat = sum(sum(sat)); 

  
[rownum,colnum] = size(hue); 
size_hue = rownum*colnum; 
sum_hue = sum(sum(hue)); 

  
toreturn = [size_r sum_r; size_g sum_g; size_b sum_b; size_r2 sum_r2; 

size_g2 sum_g2; size_b2 sum_b2; size_gb sum_gb; size_gb2 sum_gb2; size_egi 

sum_egi; size_megi sum_megi; size_hue sum_hue; size_sat sum_sat] 

  
toreturn = [mean2(r); mean2(g); mean2(b); mean2(r2); mean2(g2); mean2(b2); 

mean2(gb); mean2(gb2); mean2(egi); mean2(megi); mean2(hue); mean2(sat); 

colnum;rownum]; 
toreturn = [mean2(rg);mean2(rg2);colnum;rownum] 

  
sizes = [colnum rownum]; 
end 
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For seagrass-background segmentation 

 

function [ segmentation_index ] = segmentation(photo) 
%UNTITLED2 Summary of this function goes here 
%   Detailed explanation goes here% 
threshold=0.019; 
img=imread(photo); 
r=img(:,:,1); 
g=img(:,:,2); 
b=img(:,:,3); 

  
r=double(r); 
g=double(g); 
b=double(b); 

  
%nomrmalized R,G,B values 
todivide = r + g + b; 
r2=double(r./todivide); 
g2=double(g./todivide); 
b2=(b./todivide); 

  
mean2(g2) 
mean2(r2) 
mean2(b2) 

  

  
egi=2*g2-r2-b2; 

  

  
t1 = (g2>=b2) | (g2>=r2); 
megi = egi.*t1; 

  

  
z = find(abs(megi) <= threshold); 
egi(z) = zeros(size(z)); 
[rownum,colnum] = size(megi); 
[z1, z2] = size(z); 
k = 100-(100*z1*z2/(colnum*rownum)) 

  

  
%figure('Name',num2str(k)),imshow(img); 
g2(z) = zeros(size(z)); 
r2(z)=zeros(size(z)); 
b2(z)=zeros(size(z)); 
img2=img; 
img2(:,:,2)=g2; 
img2(:,:,1)=r2; 
img2(:,:,3)=b2; 
r2=img(:,:,1); 
g2=img(:,:,2); 
b2=img(:,:,3); 

  
y = find(abs(megi)>=threshold); 
g2(y) = zeros(size(y)); 
r2(y) = zeros(size(y)); 
b2(y) = zeros(size(y)); 
img3(:,:,2)=g2; 
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img3(:,:,1)=r2; 
img3(:,:,3)=b2; 

  
subplot (2,2,1), imshow(img); 
subplot (2,2,2), imshow(img3); 

  
pause 

  
close; 

  

  

  
end 
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Professional and Personal Development 

Portfolio 

 
 

Attendance at Seminars/Conferences 

March 2013- Marine Ecology Symposium organised by the Marine Alliance for Science and 

Technology for Scotland (MASTS) and British Ecological Society (BES). 

August 2013- 3rd MASTS Annual Science meeting, Edinburgh. 

December 2013- 6th Scottish Symposium on Environmental Analytical Chemistry organised 

by the Royal Society of Chemistry, Glasgow. 

February 2014- Marine Policy Seminar organised by MASTS and SNH. 

September 2014- 4th MASTS Annual Science meeting, Edinburgh. 

June 2014- “Making Your Research Matter – How to influence the Policymakers” organised 

by MASTS. 

September 2015- IALE UK annual conference, Edinburgh. 

February 2016- Marine Policy Seminar organised by MASTS and SNH. 

 

Presentation at Events/Conferences 

November 2013- “Pecha-Kucha 20:20” Event organised by Edinburgh Napier University- 

Oral presentation. 

March 2014- Final conference of the COST Action ES0906 Seagrass Productivity: From 

Genes to ecosystem management- Oral presentation. 

April 2014- Edinburgh Napier University Postgraduate Conference- Poster presentation. 

August 2014- 3rd International Marine Conservation Congress, Glasgow- Oral presentation 

March 2015- Edinburgh Napier University Postgraduate Conference- Oral presentation. 

October 2015- 5th MASTS Annual Science Meeting, Glasgow- Oral Presentation. 
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December 2015- BES Annual Meeting, Edinburgh- Oral Presentation. 

February 2016- Research in Progress Seminar, ENU- Oral Presentation. 

 

Grants 

June 2013- MASTS Small Grants Scheme award for “Radiometric dating of seagrass 

sediments using short-lived isotopes” (£ 500)  

February 2014- COST Action ES0906 Grant for conference attendance (€ 300) 

March 2014- MASTS Workshop support award “Seagrasses and sea level rise: current 

knowledge, gaps and new methodologies” (£ 1000) 

September 2015- Student fee award for IALE conference “Seascape ecology - connecting 

land, sea and society” (£ 195). 

 

Training Courses/ Workshops 

June 2014- Standing up for Science media workshop, London, UK. 

August 2014- Practical use of mini- and micro-Unmanned Aerial Vehicles for the 

Environmental Sciences, NERC supported course, Oban, UK.   

March 2015- ODEs in environmental science: Build your own models in R, NERC 

supported course, Ross Priory, UK. 

August 2015- Environmental Statistics and data analytics training, NERC supported course, 

Glasgow, UK. 

February 2016- REF Workshop, ENU. 

February 2016- Re-wire Your Brain for Your Viva, ENU. 

March 2016- Media Workshop, ENU. 

March 2016- Professional Communications Skills Training, ENU. 
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May 2016- IALE workshop: Mapping the lived environment; Participatory GIS for landscape 

and seascape, Edinburgh, UK. 

June 2016- Improving standards in real-time PCR webinar, organised by PrimerDesing. 

 

Teaching 

Demonstrator: Practical Biology (1st & 2nd students), Freshwater Biology (3rd year students), 

Statistics (3rd year students), Marine Biology (3rd year students), Population Community 

Ecology (3rd year students), Applied Terrestrial Ecology (3rd year students). 

 

Articles (also available at the end of this part) 

February 2014- A wee taste of Scottish seagrasses at the World Seagrass Association blog, 

available at http://wsa.seagrassonline.org/blog/ 

June 2014- Kenyan seagrasses at the World Seagrass Association blog, available at 

http://wsa.seagrassonline.org/blog/ 

October 2015- Assessing the role of seagrasses as carbon sinks in Europe. IALE Newsletter, 

available at http://iale.org.uk/in%C3%A9s-mazarrasa-and-maria-potouroglou/news/8002 

 

Other 

Member of the organising committee for the 2015 School of Life, Sport and Social Sciences 

PGR students Annual Conference. 

 

 

 

 

 

http://wsa.seagrassonline.org/blog/
http://wsa.seagrassonline.org/blog/
http://iale.org.uk/in%C3%A9s-mazarrasa-and-maria-potouroglou/news/8002
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A wee taste of Scottish seagrasses 

Hello Team Seagrass, 

My name is Maria and last February I started my PhD at Edinburgh Napier University 

looking at the role of seagrasses as coastal carbon sinks under the supervision of Prof 

Huxham, Dr Diele and Prof Kennedy. Many of you will wonder what a Greek does in 

Scotland, when seagrasses flourish in the Mediterranean! Well, UK has always been an 

exotic place to me, and moreover the most abundant meadows of the most widespread 

seagrass genus occur here, in Scotland. 

Ecological fieldwork is sometimes fraught with so many obstacles that is hard to imagine 

why anyone would want to do it. The soft-sediment marine intertidal is one of those habitats 

that pose a special challenge to the species that live there and the scientists who try to study 

them. While the species have well adapted to the alternating physical conditions, scientists 

must fight the tides, which often occur too early or too late and are not sufficiently low (!!) 

and try to walk on the glue like sediment, which most of the times results to a cream-mud up 

to the knees, or fully covered waders when gravity prevails over stability. 
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Fieldwork is carried out at Forth Estuary which is located on the east coast of Scotland and 

contains approximately a quarter of the population of Scotland (~1.3 million people) and a 

significant proportion of its industry. The Forth estuary is a macrotidal coastal plain estuary, 

with extensive intertidal mudflats, where Z. noltii forms sparse beds. No dedicated Zostera 

survey has ever been carried out in the Firth of Forth, while in Scotland’s Marine Atlas of 

2011, seagrass beds in the area were completely ignored. So, last May we established ten 

permanent plots, which we were monitoring biweekly by recording percentage coverage, 

number of shoots, length of leaves, number of flowers and any signs of disease. I am glad to 

say that we have a nice dataset of the growth season under our belt. Moreover, we attempted 

to develop an image analysis technique to actually calculate percentage coverage of the 

quadrats, instead of relying on our subjective visual estimations.  

 

 

This technique was also used to map the seagrass meadows in the area. Finally, in late 

October we took a series of sediment cores, which are being analysed at the moment for total 

organic matter, organic carbon, and different sources and age of carbon. 



157 
 

 

Preliminary results have been already presented at a Pecha:Kucha Event (20 slides, 20 

seconds per slide – and YES that is a challenge) in Edinburgh, whereas a more detailed talk 

about our study will be given at the final conference of the COST Action ES0906, "Seagrass 

productivity: from genes to ecosystem management", which will be held on March in 

Portugal.  

Seagrass research in Scotland is up and running, so watch this space for more updates of our 

work. 

 

 

 

 

 



158 
 

Kenyan Seagrasses 

Almost a month since we got back from a trip, which from now on I will call life experience. 

This April found us in Kenya, particularly in Gazi Bay, testing mapping protocols and a 

newly developed image analysis technique. Gazi bay, in Kwale district of Kenya, located 

55km from Mombasa, has a long history in mangrove research and restoration. Mikoko 

Pamoja which means “Mangroves Together” is a project in which residents of the Gazi 

village and Makongeni village have come together to protect and restore degraded mangrove 

areas as they benefit from them through the sale of carbon offsets among other benefits 

associated with mangroves. Our collaborators there were Mr Michael Njoroge, 1st year PhD 

student, who studies the carbon sink capacity of seagrasses in the area under the supervision 

of Prof. Mark Huxham (Edinburgh Napier University), and Kenya Marine And Fisheries 

Research Institute (KMFRI).  

   

Gazi bay is home to 12 seagrass species, or “Nyasi ya bahari” in Swahili, both intertidal and 

subtidal, from the imposing Enhalus acoroides and stunning Thalassodendron ciliatum to the 

timid Halophila ovalis among others. The bay is sheltered from the sea by the Chale 

Peninsula to the east and a fringing coral reef to the south. It consists of two major creeks, the 

western and the eastern one. Our study was conducted at the western creek, where the river 
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Kidogoweni discharges. The area of the western creek is about 18 ha, the main part is ~92m 

wide and therefore the influence of shading by the surrounding trees of the mangrove forest is 

relatively small. Our fieldwork lasted 10 days as this was controlled by the spring tides and 

our continuous efforts chasing the low tides or avoiding the high ones. The working hours 

were also limited, and the end of the day was always marked by someone yelling “Maria, 

stop taking photos, the water is coming” (A.K.A “winter is coming”). BUT the view was so 

breathtaking that I didn’t want to leave… 
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Mapping protocols included fine scale plots to large scale ones, and long transects covering 

the whole bay. Back in Edinburgh now with hundreds of photos and thousands cells in excel 

waiting to be analysed. And also, a new fieldwork period to start soon in Scotland…Armed 

with seagrass love and some photos of Kenya set as background, results will follow soon, so 

watch this space or find us in upcoming conferences for any updates. 

Until then, Kwaheri! 

 

 

 

 

 

 

 

 

 

 

 

 



161 
 

Assessing the role of seagrass meadows as carbon sinks in Europe 

By Maria Potouroglou and Inés Mazarrasa 

 

Seagrasses are one the only flowering plants that can live underwater. Seagrasses form 

“meadows” that are highly productive ecosystems and hot spots for biodiversity, serving as 

habitat and food for iconic species such as dugongs in tropical areas, and nursery grounds for 

commercially important species of fish. Recently, their value as carbon stores and 

sequestration (along with other vegetated coastal ecosystems), have become more apparent 

and they are collectively known as ‘Blue Carbon’. Recent studies have estimated that the 

carbon burial rate in seagrass meadows might be higher than that of terrestrial forest. 

Despite their enormous socio-economic value, seagrass meadows are some of the most 

heavily used and threatened natural systems globally; 30% of seagrasses have been either lost 

or degraded worldwide over the last 50 years. Unlike terrestrial carbon sinks (e.g. tropical 

rainforests and the Reducing Emissions from Deforestation and forest degradation (REDD) 

programme), blue carbon is less well understood and not yet fully recognised at the 

international level.  

The major issue is the geographically limited number of studies that have been undertaken to 

date and the lack of clarity on the carbon sequestration capacity of seagrass meadows. As a 

result, there has been a tendency to generalise the carbon capture attributes of seagrasses 

from a very limited data set. Neither has there been much consideration for landscape 

configuration of seagrass meadows. For example, in a dynamic intertidal environment the 

location and proximity of different habitats or processes are likely to influence seagrass 

carbon storage capacity as a whole, as well as affect the proportion of different sources of 

carbon that get trapped. 
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Some of the questions that need to be answered include: what are the environmental factors 

that regulate the carbon sink capacity? How does disturbance of the seagrass meadow affect 

the carbon buried in the sediment? 

With the aim to clarify some of these questions, we, Inés Mazarrasa and Maria Potouroglou, 

are conducting our PhDs, in the Department of Global Change Research at the Mediterranean 

Institute for Advanced Studies (Mallorca, Spain) and Edinburgh Napier University 

(Edinburgh, Scotland), respectively. Our different locations allow us to focus on two different 

types (Genus) of seagrasses (of relevance at the European scale) and a range of 

environmental factors derived from the different seascapes. Both regions have in common, an 

intense increase in coastal urbanisation during the last century that usually inhibits seagrass 

meadow density and primary productivity, while increasing the input of other sources of 

carbon (such as phytoplankton or terrestrial detritus). Our aims are to try and reconstruct the 

carbon burial rates and identify the carbon sources accumulated over the last 100 years: the 

period when most of the coastal urbanisation occurred in both studied areas. 

At the Department of Global Change Research, in Mallorca, I, Inés Mazarrasa have focused 

on Posidonia oceanica meadows, an endemic species and a key ecosystem in the 

Mediterranean Sea. It forms lush and extensive meadows between 0 and 45 m depth along the 

Mediterranean coasts. It is considered as the most relevant species in terms of carbon 

sequestration capacity, due to its size, high biomass, high primary productivity and long and 

dense canopies that act as a very efficient particle trap. However, only a few measurements 

exist so far and are highly variable among sites, suggesting the relevance of environmental 

factors controlling the carbon accumulation rate. In addition an approximate 6.9% of the total 

P.oceanica vegetation was lost annually during the last 50 years due to anthropogenic 

pressures (such as eutrophication or physical damage of the seabed), with unknown 

consequences for the carbon deposits in these meadows. 
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I chose the Balearic Islands as a case study. The archipelago of the Balearic Islands is a top 

tourist destination in Europe, which developed in the 1960s, leaded to an increase in 

urbanisation and usage of coastal areas and a general decline in the water quality. Along with 

an increase in anthropogenic pressure I also assessed the effect of wave exposure, expecting 

to find higher carbon accumulation rates in sheltered meadows (where sedimentation is 

greater than erosion). 

 

At Edinburgh Napier University, in Scotland, I, Maria Potouroglou have focussed on two 

species Zostera marina and Zostera noltii. Zostera spp are the most widespread seagrass 

genera throughout the world and also the most widely distributed in the northern hemisphere. 

The extent and distribution of seagrass meadows in Scotland is not well known and there is 

uncertainty about the methods used and accuracy of data. However, seagrass extent has been 

estimated to be approximately 1600 ha, with the most extensive intertidal mudflats found 

along the East coast. Taking into consideration all these factors, sediment sampling along 

with seagrass mapping was conducted at 7 estuaries distributed along the east coastline of 

Scotland, from the Firth of Forth in the south to Dornoch Firth in the north. My research aims 
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to provide an estimate of the carbon stored in intertidal seagrass sediments of the under-

represented regions of Scotland and also assess the carbon storage capacity of Zostera spp. 

 

The management and conservation of these habitats may be the missing link in our efforts to 

slow the pace of climate change. Hence, we are hoping through our PhD projects to achieve 

two things; Firstly, to answer some of the key questions in seagrass carbon storage capacity 

and secondly, to communicate our science, engage and inform practitioner’s, researchers and 

the public of the importance of these interesting, valuable and yet underestimated 

ecosystems!    
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