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ABSTRACT 

 

Carbon dioxide is the most abundant greenhouse gas (GHG), contributing 80% to the total 

GHG’s released in the atmosphere. As a result, it is often the emission targeted to reduce the 

impacts of climate change. Nature-based solutions are increasingly being used to mitigate the 

effects of climate change. Terrestrial and marine systems act as carbon sinks due to their ability 

to sequester carbon within their biomass and sediments. Macroalgae remove CO2 from the 

atmosphere through the process of photosynthesis and are considered to be one of the most 

productive ecosystems worldwide. However, unlike traditional carbon sinks, macroalgae beds 

occur on rocky substrate preventing the burial of detrital matter in situ. These habitats may, 

however, still contribute towards carbon sequestration by acting as important ‘carbon donors’, 

transporting their detrital material to offshore and deep sea sediments where long-term storage 

of carbon is possible. Of all macroalgae, Laminariales have received the most attention in their 

potential to act as blue carbon donors, while intertidal fucoid species have been overlooked. 

This thesis concentrates on three common intertidal fucoid species from the NE Atlantic, 

Ascophyllum nodosum, Fucus vesiculosus and Fucus serratus and assesses their potential for 

carbon sequestration through carbon donation.  

 

To determine whether these fucoids species of interest were significant carbon donors, this 

thesis investigated rates of carbon accumulation and release, degradation of tissue, and the 

national spatial extent of fucoids in Wales, UK. Finally, an estimate of the carbon stored within 

standing biomass and amount sequestered was calculated for Wales. Results found that carbon 

accumulation and release, for some species was equal to that of kelp species if not in some 

instances greater. Degradation estimates of tissues were also promising, with the presence of 

refractory elements, specifically in holdfast and receptacle tissues, in kelps and fucoids. At a 

national scale, fucoids within Wales are unlikely to be of high importance in carbon 

sequestration due to their low spatial distribution. However, per area 0.04 kg C m-2 yr-1 of 

carbon was found to be sequestered by Ascophyllum nodosum, Fucus vesiculosus and Fucus 

serratus combined, a rate similar to other terrestrial and marine carbon sinks within Wales. As 

a result, intertidal fucoids should be included in estimates determining the contribution of 

macroalgae to blue carbon.  
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Chapter 1   

General Introduction 

 

1.1 Climate Change  

 

Anthropogenic greenhouse gases (GHGs) have been increasing since the rise of the industrial 

period (Keeling, et al. 1995), reaching a record high of over 400 ppm in 2016 (WMO, 2017). 

As a result, global temperature has increase by 1°C compared to pre-industrial levels (IPCC, 

2018), sea-levels have risen and ocean carbonate chemistry has altered (IPCC, 2014). Such 

changes to the climate are predicted to cause species range shifts and community reorganisation 

(Bellard et al., 2007), threaten food security (Rosenzweig & Parry, 1994), increase extreme 

weather conditions (Emanuel, 2005; Knutson et al., 1998) and increase risk of disease (Patz, et 

al. 2005). Some of these effects are already being witnessed. For example, higher sea 

temperatures have resulted in widespread coral bleaching (Heron, et al. 2016), significant 

shifting of species ranges (Parmesan & Yohe, 2003), and human mortality as a result of more 

intense atmospheric heatwaves (Patz et al., 2005). One of the main GHGs is carbon dioxide 

(CO2), contributing approximately 80% to the total GHGs released in the atmosphere (IPCC, 

2014). As a result, CO2 has become the targeted GHG for reduction. 

 

The Intergovernmental Panel on Climate Change (IPCC) have predicted four scenarios 

representing different pathways depending on the level of climate change mitigation taken. 

These representative concentration pathways (RCP) are a ‘business as usual’ scenario, where 

no attempts are made to reduce GHG emissions (RCP8.5), two intermediate scenarios (RCP4.5 

and RCP6.0) where moderate reductions in GHGs are applied, and RCP2.6, representing a 

heavily mitigated scenario (IPCC, 2014). Current GHG emissions are tracking the RCP8.5 

trajectory predicting a global temperature rise between 2.6°C and 4.0°C by 2060 (IPCC, 2014). 

A global temperature increase of 1.5°C instead of  2.0°C would reduce the severity of climate 

change effects (IPCC, 2018). In 2016, 189 countries signed and ratified an international treaty 

known as the Paris Agreement, with the aim to limit global temperature to 1.5°C (United 

Nations, 2015). In order to achieve this target, countries need to reduce current CO2 levels to 

50% by 2030, and produce net zero emissions by 2050 (IPCC, 2018). To ensure international 

treaty targets are met, mitigation processes that reduce CO2 emissions need to be utilized.  
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1.2  Carbon Sinks 

 

The ability of natural habitats to act as carbon sinks, by removing and storing more CO2 than 

released, was first recognised in the late 19th century (Armentano & Ralston, 1980). Primary 

producers (algae, plants, and bacteria) take up CO2 via photosynthesis. Carbon is assimilated 

within the living biomass and released through respiration from primary producers, and 

respiration by microbes due to senescence, or  predation (e.g. herbivores) when biomass is 

consumed. For habitats to act as carbon sinks, the excess carbon which is not released through 

respiration must be able to be stored through natural sequestration processes. Primary 

producers which have a large biomass and are long lived are capable of sequestering large 

amounts of carbon within their biomass. In Eurasian boreal and north America temperate 

forests, a total of 0.68 billion tonnes of carbon per year is stored solely in living woody biomass 

(Myneni et al., 2001). Alternatively, carbon can become incorporated within the sediment 

substrate of natural habitats when anoxic conditions are present. As oxygen is required for 

respiration, when detrital material is buried within anoxic sediments, aerobic microbes are 

unable to break down the detritus and release carbon. In the UK alone, peatlands store over 

3,200 million tonnes of carbon within their soil (Bain et al. 2011). 

 

Terrestrial carbon sinks have been the main focus of natural carbon sequestration research 

and policy-making (e.g. REDD and REDD+ schemes). In comparison, carbon sinks in the 

marine environment have received considerably less interest. The main role in which marine 

environments are generally considered to store carbon is through the diffusion of atmospheric 

carbon into the ocean (Cias et al., 2013; Sabine et al., 2004). However, in more recent years, 

the importance of vegetated coastal habitats in carbon sequestration has increasingly been 

recognised (Duarte et al., 2013; Macreadie et al., 2019).  

 

1.2.1  Blue Carbon  

‘Blue Carbon’ is a term used to describe long term carbon stores in the marine environment 

(Nellemann & Corcoran, 2009; Smale et al., 2018). Seagrass meadows, mangrove forests, and 

saltmarsh have been globally recognised as important blue carbon habitats (Chmura et al., 

2003; Fourqurean et al., 2012; Kennedy et al., 2010; Macreadie et al., 2019; Pendleton et al., 

2012; Twilley et al., 1992).  
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Seagrass beds, saltmarsh and mangrove habitats typically occur within the intertidal or shallow 

subtidal zones on coastlines. While seagrass beds are present throughout both temperate and 

tropical regions (Short et al., 2007), saltmarsh are generally restricted to temperate regions 

(McOwen et al., 2017) and mangrove forests are found exclusively in tropical and sub-tropical 

areas. The majority of carbon sequestered by these vegetative habitats is stored within the 

sediment (Duarte et al., 2005; Fourqurean et al., 2012). Globally, these habitats are capable of 

storing 111.4 Tg C yr-1 within their sediment (Duarte et al., 2005). Sediment accumulates 

quickly in seagrass and saltmarsh habitats as the above ground vegetation causes the flow of 

water entering the beds to slow down, allowing sediment particles to settle out (Hendriks et al., 

2008; Neumeier. 2007; Peterson et al., 2004). The same principle applies to mangroves, though 

it is the structural components of the roots which stabilise the sediment (Furukawa & Wolanski, 

1996). Mangrove habitats have large buttress and stilt roots to help support structural growth, 

while pneumatophores provide oxygen to root structures within the waterlogged and anoxic 

sediments (Ong & Gong, 2013). As these root structures become submerged during high tide, 

they reduce water flow, allowing sediment particles to settle (Furukawa & Wolanski, 1996). 

Rapid sediment accumulation enables the swift burial of organic detrital matter and therefore 

storage of carbon. Unlike terrestrial carbon sinks, the living biomass are considered of minimal 

importance in blue carbon habitats due to their relatively low biomass compared to trees 

(Fourqurean et al., 2012). An exception to this is within mangroves, where woody biomass can 

store up to 66.7 Tg C yr-1 (Bouillon et al., 2008). Combining global carbon sequestration rates 

of 111.4 Tg C yr-1 within the sediment and carbon stored in mangrove biomass, a total of 178.1 

Tg C yr-1 is sequestered by these blue carbon habitats.  

 

There is a significant difference between the amount of carbon annually sequestered in 

terrestrial and marine habitats when scaled-up to a global level. Forests are capable of globally 

sequestering 1.1 Pg C yr-1 (Pan et al., 2011), an amount ten times greater than the combined 

total of carbon stored in vegetated marine habitats (see above). This considerable difference in 

carbon sequestration can be attributed to global areal coverage. The total amount of area 

covered by vegetated coastal habitats is 391,950km2 (seagrass:177,000km2 (Spalding et al., 

2003); mangroves: 160,000 km2 (Bouillon et al., 2008); saltmarsh: 54,950km2 (McOwen et al., 

2017), whereas terrestrial forests cover 39 million km2 worldwide (Pan et al., 2011). When 

terrestrial and marine carbon stores are standardized to area (Figure 1.1) overall carbon storage 

across habitats is similar. An exception to this is mangroves, which sequester five times more 
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carbon than any of the other carbon sinks. Mangroves are considered one of the most carbon 

rich environments (Alongi, 2012; Donato et al., 2011), this is attributed to the autochthonous 

and allochthonous accumulation of organic material within mangrove sediments (Phang et al., 

2015). 

 

Despite their low global coverage, vegetated coastal habitats are responsible for nearly 50% of 

total carbon buried in coastal and global ocean sediments (Duarte et al., 2005). In addition, 

coastal ecosystems are able to overcome carbon saturated sediments by accreting un-saturated 

sediment as sea levels rise (McLeod et al., 2011), have better stability and longevity (McLeod 

et al., 2011), and emit virtually no methane, unlike terrestrial carbon sinks (Bain et al., 2011). 

As a result, these vegetated coastal habitats play a significant role in climate mitigation. In spite 

of their importance these habitats are threatened by overfishing, coastal development, and 

pollution (Gu et al., 2018; Huang et al., 2006; Unsworth et al., 2018). Degraded habitats are 

more likely to lose their ability to sequester carbon and release previously sequestered carbon 

Figure 1.1 Global mean estimates of carbon stocks (Mg/C/ha-1) for terrestrial (green bars) and marine (blue bars) carbon stores. 

Estimates show average values, with + 95% confidence intervals when such data was available. Carbon stored in living biomass is 

represented by the lighter shade and carbon stored in sediment in darker shades.  *Seagrass sediment shows the median values. Seagrass 

and saltmarsh living biomass were removed as the values were so small to not be globally significant in comparison with other 

ecosystems. See Table 1.1 in Appendix  for information on how the estimates were derived.  
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due to the erosion of sediments allowing carbon to be remineralized (Fourqurean et al., 2012; 

Pendleton et al., 2012). Though the IPCC reports support the use of blue carbon in mitigating 

and reducing GHG (IPCC, 2019), current international agreements such as the Kyoto Protocol, 

Paris Agreement and REDD and REDD+ schemes incentivise conservation of terrestrial 

carbon stores only. While mangroves have been incorporated into the REDD+ schemes in some 

countries, new policies or modification of current policies are needed to include blue carbon 

habitats to incentivise conservation and restoration (Pendleton et al., 2012; Rogers et al., 2016).   

 

1.3 Canopy-forming macroalgae 

 

Canopy-forming macroalgae are dominant primary producers in coastal waters (Smale et al., 

2013), and are considered to have some of the highest productivity rates on Earth (Lieth & 

Whittaker, 1975). In general, canopy-forming macroalgae create beds or forests on rocky reefs 

along intertidal and shallow subtidal coastlines providing key ecosystem services by supporting 

high levels of biodiversity, providing suitable habitats for fish nurseries (Lilley & Schiel, 2006; 

Teagle et al., 2017), and forming natural coastal defenses from storm surges (Duarte et al., 

2013).  

 

Currently, both marine and terrestrial habitats which have been recognised for their ability to 

sequester carbon do so by storing carbon in situ. Though canopy-forming macroalgae are 

capable of storing significant amounts of carbon within their standing stock biomass (Howard 

et al., 2017), there is debate as to whether this carbon is stored for long enough to be considered 

an effective method for carbon sequestration (Howard et al., 2017; Smale et al., 2018).  Unlike 

seagrass, saltmarsh and mangroves which grow in sediments and are therefore able to bury 

carbon in situ, macroalgal beds occur on rocky substrates, making burial of detritus (and 

storage of carbon) in situ impossible. As a result, previous  inclusion of macroalgae within blue 

carbon assessments has been dismissed (Howard et al., 2017; Nellemann & Corcoran, 2009) 

and the consideration of the role of macroalgae in climate change mitigation has been limited 

to the potential they hold as biofuels (Chen et al., 2015; Chung et al., 2011; Kraan, 2013).  
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1.3.1 Carbon donation 

Marine habitats have high levels of connectivity as a result of currents and tides allowing 

macroalgae detritus to be transported between multiple habitats (Smale et al., 2018). This 

detrital export is known to support extensive food webs and provide spatial subsidies (e.g. food, 

shelter and nutrients) to other coastal habitats (Boyer & Fong, 2005; Filbee-Dexter & 

Scheibling, 2012; Hyndes et al., 2014; Krumhansl & Scheibling, 2011; Orr et al., 2014; Schaal 

et al., 2008; Wernberg et al., 2006). The possibility that canopy-forming macroalgal dominated 

habitats are able to contribute towards carbon storage by acting as ‘carbon donors’ where 

detritus is transported from macroalgal beds to receiver habitats capable of carbon 

sequestration was first mentioned by Smith (1981). Despite this early recognition, only within 

the past four years has macroalgal contributions towards carbon sequestration through carbon 

donation been more seriously considered (Krause-Jensen & Duarte, 2016; Krause-Jensen et al., 

2018; Smale et al., 2018).  

 

In seagrass and saltmarsh habitats, allochthonous sources can be responsible for a large 

proportion of carbon sequestered within sediments (Kennedy et al., 2010; Van de Broek et al., 

2018). While macroalgae have been found within sediments of seagrass meadows, the amount 

they contribute is small, making up only ~3-4% of the organic matter found (Greiner et al., 

2016), with this contribution already accounted for within estimates of blue carbon sinks. More 

recently, it has been suggested that macroalgal detritus is capable of entering deep sea and 

offshore sediments where carbon can be buried and sequestered (Krause-Jensen & Duarte, 

2016). Macroalgal detritus can travel significant distances by two main pathways: 1) 

macroalgae detritus carried by ocean currents and 2) pressure changes or stone ballasts causing 

floating macroalgae rafts to sink (Krause-Jensen & Duarte, 2016). A third route of export has 

been suggested by Wernberg & Filbee-Dexter, 2018 where detritus can be exported within 

urchin faecal pellets. Detritus is capable of travelling distances up to 4800 km (Krause-Jensen 

& Duarte, 2016; Ortega et al., 2019), and has been found  in offshore sediment (20 – 45 m) 

(Filbee-Dexter & Scheibling, 2012), submarine canyons and deep fjords (150 – 550 m) (Filbee-

Dexter et al., 2018; Harrold et al., 1998; Vetter & Dayton, 1998), deep basin waters (2000 m) 

(Fischer & Wiencke, 1992), and the deep sea (4000 m) (Krause-Jensen & Duarte, 2016; Ortega 

et al., 2019). Globally, the amount of macroalgal detritus sequestered within offshore and deep 

sea sediments is estimated as 173 Tg C yr-1 (Krause-Jensen & Duarte, 2016), exceeding the 
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amount of carbon stored in sediments of seagrass, saltmarsh, and mangroves combined (Duarte 

et al., 2005). 

 

1.4 Potential role of fucoids  

 

Macroalgae within temperate regions are considered more likely to act as carbon donors than 

macroalgae in other areas, due to their greater productivity and larger detrital outputs (Hill et 

al., 2015). Current research into the role of macroalgae as carbon donors has focused on 

temperate species within the Phaeophyta group, specifically kelp (Burrows et al., 2014; Krause-

Jensen & Duarte, 2016; Stahl, 2012). Kelp is generally subtidal and have high levels of primary 

productivity (Foster et al., 2013; Mann, 1973; Reed et al., 2008) with their conveyor-belt like 

growth system resulting in constant detrital release (Krumhansl & Scheibling, 2011; Mann, 

1973). The amount of kelp detritus exported globally has been estimated as 80% of their total 

primary productivity, approximately 700g C m-2 yr-1 (Krumhansl & Scheibling, 2012). Though 

kelp is of obvious focal interest as a blue carbon donor, other  canopy-forming brown algae 

species are also likely to play a role and to date have received much less attention. The order 

fucoids contain the majority of intertidal brown canopy-forming macroalgal species, ranging 

from species within the low to high intertidal zone. 

 

1.4.1 Productivity of fucoids in comparison to kelp 

The presumption that intertidal macroalgae generally have lower productivity than subtidal 

macroalgae (i.e. kelp) (Mann, 2000) may have contributed to their lack of recognition as 

potentially important carbon donors. A search of the literature suggests high levels of variation 

in primary productivity between fucoid species with rates ranging from 5.4 to 4,000 g C m-2 yr-

1 (Table 1.1). These values are not dissimilar to those found for kelp (9 to 5,622 g C m-2 yr-1: 

Table 1.1). For both kelp and fucoids, productivity rates can vary by >1000 g C m-2 yr-1. 

Specifically, high variation of productivity was found within  A. nodosum and F. vesiculosus 

for fucoids and Laminaria digitata and Saccharina latissima communities in kelp. For 

example,  A. nodosum reached maximum rates of productivity (934.8 g C m-2 yr-1) on rocky 

shores in northern Spain while productivity was an order of magnitude lower  in saltmarsh, 

Long Island, New York (90 g C m-2 yr-1). Productivity in F. vesiculosus ranged from 4.4 – 676.5 

g C m-2 yr-1 which was attributed to exposure, nutrient availability, temperature, and differences 
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in methodology used to determine productivity (Viana et al., 2015). Overall, kelp and fucoids 

have similar rates of productivity, suggesting this argument for ignoring fucoids as a blue 

carbon donor is incorrect.   

 

1.4.2 Detrital output of fucoids 

Detrital production studies appear to be absent in the literature for fucoids. One of the main 

reasons for this may be due to the difficulty in measuring detrital production due to how fucoids 

grow. In kelp the meristem is found at the junction of the stipe and the blade resulting in a 

conveyor belt like growth with detritus being continually released from the older distal ends of 

the lamina (Mann, 1973). This approach to growth allows detrital rates to be easily quantified 

(Krumhansl & Scheibling, 2011; Pessarrodona et al., 2018; Pessarrodona et al., 2019; Tala & 

Edding, 2007). In contrast fucoids grow apically, with the youngest growth at the distal end of 

the lamina (David, 1943; Vadas et al., 2004). Detrital production therefore occurs due to partial 

frond breakage, which can be difficult to measure when the individual can be made up of 

hundreds to thousands of fronds (Knight & Parke, 1950). Possible methods to monitor detrital 

loss such as weighing individuals sequentially is problematic as biomass loss and 

accumulation, through growth,  cannot be separated. While partial frond loss is difficult to 

measure, whole thalli dislodgement is not. In kelp, whole-thalli dislodgement involves tagging 

and monitoring individuals. The number of tagged individuals that cannot be found on 

subsequent searches are considered dislodged (Pessarrodona et al., 2018; Pessarrodona et al., 

2019). By knowing the ratio of lost individuals to tagged, the mean biomass and the density of 

individuals, an estimate of detrital production through whole ‘plant’ dislodgement can be 

calculated (Pessarrodona et al., 2018). Despite the simplicity of this technique it would appear 

that it has not be used to estimate detrital production in fucoids. In addition to partial frond 

breakage and whole thalli dislodgement, fucoids seasonally release receptacles at the end of 

the reproductive season. Receptacle production within fucoids can represent  ≥50% of their 

biomass (Åberg, 1996; Brenchley et al., 1996; Josselyn & Mathieson, 1978; Mathieson & Guo, 

1992) and an individual can contain >4,000 receptacle apices (Knight & Parke, 1950). Despite 

this, only one study has estimated the seasonal output of these tissues (Josselyn & Mathieson, 

1978), showing that ~450 g DW m-2 yr-1 of receptacle biomass was released. When detrital 

outputs occur in large pulse events, there is an increased likelihood that surplus detrital biomass 

cannot be consumed locally by detritivores or used up in adjacent habitats and could be 
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transported to carbon sinks (Pedersen et al., 2020). Understanding the amount of detritus 

released by fucoids is necessary to determine their potential as carbon donors. 

 

1.4.3 Exported fucoid detritus 

Fucoid detritus has been observed within continental shelf sediments (Kokubu et al., 2019; 

Filbee-Dexter & Scheibling, 2016) and the deep sea (depth of 3724 m) (Wei et al., 2012). While 

Sargassum spp. have been found in depths of 5024 m within the guts of deep sea invertebrates 

(Schoener & Rowe, 1970). Fucoid detritus has been found capable of travelling 800 km, if not 

further, from reef source (Kokubu et al., 2019). The ability of fucoid detritus to be successfully 

exported to these carbon sinks is determined by both their structural components and rate of 

degradability (Krause-Jensen & Duarte, 2016). Fucoid species frequently contain airbladders 

(e.g. A. nodosum, F. vesiculosus, F. spiralis, Halidrys siliquosa), which aid these dislodged 

individuals to float away from the source and form large aggregated rafts. Rafting aids the 

transportation of fucoids detritus away from reef sources, increasing the likelihood of detritus 

entering offshore and deep sea habitats where carbon sequestration is possible (Krause-Jensen 

& Duarte, 2016). Fucoid rafts are capable of being buoyant for up to 80 d (Rothäusler et al., 

2020), travelling up to 400 km (Craw & Waters, 2018), until eventually sinking as a result of 

degradation and langmuir circulation (Krause-Jensen & Duarte, 2016). The capacity of rafts to 

float can be influenced by the seasonal presence of receptacle tissues (Rothäusler et al., 2020), 

warmer temperatures, and increased solar radiation (Graiff et al., 2013; Tala et al., 2019) 

causing rafts and individuals to degrade and sink more quickly. This variation may mean the 

rate of carbon sequestration from fucoid individuals is dependent on season and not constant 

throughout the year.  

 

Understanding the fate of exported detritus is one of the main research questions which need 

to be addressed to understand the role of macroalgae in a blue carbon context (Hill et al., 2015; 

Macreadie et al., 2019). Fucoids contain phlorotannins (Ale & Meyer, 2013; Trevathan-Tackett 

et al., 2015) which inhibit grazing from herbivores (Van Alstyne, 1988; Van Alstyne & Paul, 

1990) and bacteria (Wang et al., 2009), and offer UV protection (Schoenwaelder, 2002). As 

phlorotannins are retained within macroalgae detritus for a considerable length of time (de 

Bettignies et al., 2020), they could reduce degradation rates, increasing the likelihood of fucoid 

detritus reaching sequestration sites, which are often considerable distances from the source 

(Krause-Jensen & Duarte, 2016; Ortega et al., 2019; Trevathan-Tackett et al., 2015). 
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Phlorotannins have been found to increase in macroalgae when rocky reefs are subject to 

greater ultraviolet radiation (UVR) (Pavia et al., 1997; Rodil et al., 2015) indicating that 

degradability and therefore likelihood of detritus to contribute towards carbon sequestration  

may be site specific.  

 

1.5 Areal extent estimates 

 

Understanding the importance of macroalgae’s contribution towards blue carbon requires 

accurate estimations of their areal extent (Hill et al., 2015; Krause-Jensen et al., 2018; Smale 

et al., 2013). Remote sensing applications allows habitats to be mapped accurately over large 

areas (Klemas, 2001; Kobryn et al., 2013). For terrestrial systems such as forests (Fayad et al., 

2016; Potapov et al., 2008) and to some extant coastal ecosystems such as mangroves 

(Heumann, 2011) the ability to use remote sensing techniques is possible as the vegetation is 

not submerged. Comparatively, subtidal macroalgal systems such as kelp are often submerged, 

as a result the use of remote sensing is more complex, having to account for the interference of 

water on spectral signatures (Ruddick et al., 2016). Ideally the opportune moment for imagery 

capture of kelp occurs during spring tides (present bi-monthly), where kelp is closest to the 

surface. However, this only provides a narrow window for successful image capture. Though 

use of spectral reflectance using remote sensing techniques has been used for kelp (Anderson 

et al., 2007), estimates which use environmental variables to predict distribution are also used 

as an alternative technique (Burrows, 2012; Gorman et al., 2013; Yesson et al., 2015). Fucoid 

species are primarily intertidal, occurring from the high to low zone of the shore. During low 

tide, these intertidal regions become exposed for a considerable time, providing an opportunity 

to use remote sensing techniques without the interference of water, therefore allowing accurate 

spatial area estimates to be made (Brodie et al., 2018). 
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Table 1.1 Rate of productivity of fucoids and Laminariales. Where studies presented a range of values the mean of the min and max range was used. Where there were two estimates present for a single 

species, both estimates were included in calculating the mean. Error is calculated as standard deviation (SD). Where one productivity value was present for two species (within kelp) this was the 

combined productivity of all species within that area. 

fucoids Productivity 

(g C m-2 yr-1) 

Source Kelp*** Productivity 

(g C m-2 yr-1) 

Ascophyllum nodosum 90 – 934.8 Brinkhuis 1977;  Lamela-Silvarrey et al.,2012** Laminaria solidungula 9 

Bifurcaria bifurcata 233.6 Niell, 1977* Macrocystis pyrifera 664 

Cystophora torulosa 2500 Tait et al., 2015 Lessonia nigrescens, 

Lessonia. trabeculata 

5622 

Durvillaea antartica 4000  Tait et al., 2015 Laminaria digitata, 

Saccharina latissima 

289 - 1938 

F. distichus 964 Thom, 1983 Laminaria pallida, 

Ecklonia maxima 

450 

F. evanescens 729 Thom, 1984 Ecklonia radiata 912 

F. spiralis 182.5 Niell, 1977* Ecklonia cava 851 

F. vesiculosus 4.4 – 676.5 Viana et al., 2015**; Lamela-Silvarrey et al.,2012** Undaria pinnatifida 10 

F. virsoides 1861.5 Kremer & Munda, 1982* Saccharina latissima 120 

Halidrys siliquosa 5.4 Pedersen et al., 2005**   
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Himanthalia elongata 989.2 Niell, 1977*   

Hormosira banksii 1204.5 Tait & Schiel, 2010*   

Pelvetia canaliculata 351 Lamela-Silvarrey et al.,2012**   

Sargassumn muticum 134.7 Pedersen et al., 2005 **   

Average 928.8  Average 1086.5 

SD 1076.1  SD 1694.9 

* values were provided per day so were scaled-up to per year to provide an annual estimate (x 365). ** used a conversion factor of 0.3 to convert to dry weight grams of carbon.  

*** Productivity values for kelp taken from Krumhansl & Scheibling 2012 review.   
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1.6   Research to be addressed 

 

The recognition of macroalgae as a blue carbon habitat is emerging within the scientific 

community and changing the traditional process by which we view carbon storage, increasing 

focus on the habitat supplying the source of carbon rather than the habitat which forms the 

carbon sink. As a result of this recent recognition, there are numerous research gaps that need 

to be addressed (Lovelock & Duarte, 2019) in order to fully understand the potential role 

macroalgae have within carbon sequestration. Current studies have focused on kelp species as 

potential carbon donors due to their high productivity, but the literature review conducted in 

this introduction suggests fucoids may have equally high productivity rates and therefore may 

be just as important. The absence of detrital production rates in fucoids are surprising, and an 

important issue which must be addressed as well as understanding the fate of detritus (Hill et 

al., 2015; Macreadie et al., 2019). Productivity rates are inextricably linked with detritus 

outputs by determining the rate of biomass turnover. Within the same species, productivity 

values can be highly variable through space and time (Brinkhuis 1977; Lamela-Silvarrey et 

al.,2012; Viana et al., 2015), and therefore needs further investigation. Finally, accurate 

macroalgae spatial area estimates to allow scaling up of carbon sequestered to a national or 

global scale (Macreadie et al., 2019) are key in determining the potential of macroalgae as 

carbon donors.  

 

Three intertidal fucoid species were chosen for this research: Ascophyllum nodosum, Fucus 

vesiculosus and F. serratus. These three species are common on northeast Atlantic intertidal 

coastlines occurring from Portugal through to Scandinavia (Araújo et al., 2011; Baardseth, 

1970; Fredriksen et al., 2005; Wahl et al., 2015), however, they vary in their biological 

structure, preferred environment, and life history traits. A. nodosum has long olive coloured 

fronds with airbladders, and typically resides within the mid zone on intertidal shores, 

preferring sheltered regions (Baardseth, 1970; Little et al., 2010). Multiple individuals can arise 

from a single holdfast and are capable of growing over 2 m in length, with a lifespan between 

50 - 60 years (Åberg, 1992). F. vesiculosus and F. serratus are similar in biological structure, 

both containing flattened leathery frond with midribs present, and a life span of 3-4 years (Rees, 

1932). The main differences between these two species is the presence of airbladders and 

preference of the mid shore zone by F. vesiculosus, whereas F. serratus is a low shore species 

without airbladders. Both species are capable of occurring within sheltered and more exposed 
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shores (Little et al., 2010; Ruuskanen & Back, 1999). All three species prefer bed-rock 

substrate for attachment. 

 

The presence of air bladders within A. nodosum and F. vesiculosus suggest these species may 

be more likely to act as carbon donors, as this structural element increases the ability of detritus 

to be transported away from the reef. Productivity within these two species was also found to 

be highly variable in space, capable of reaching high levels of production (Table 1.1). This 

suggests that productivity is site-specific, varying between locations and based on 

environmental factors present. Interestingly, and to the best of my knowledge, no estimates of 

productivity for the low shore species F. serratus is present within the current literature. Low 

shore species appear to typically have higher productivity (Table 1.1; e.g. D. antartica, C. 

torulosa, and H. elongata) equal to that of kelp. As high productivity is linked to high detrital 

rates, fucoids with this trait are more likely to contribute towards carbon sequestration. 

  

1.7 Thesis question and aims 

 

The thesis aims to investigate ‘The potential for intertidal canopy-forming macroalgae to 

contribute towards blue carbon’. This was done by determining carbon production and release, 

the degradability of canopy-forming macroalgae (both kelp and fucoids), and the areal extent 

of intertidal canopy-forming brown algae to estimate carbon standing stock in Wales.  

 

The aim of Chapter 2 was to estimate seasonal and annual values of carbon accumulation 

(production) and detritus released across a wave exposure gradient for A. nodosum, F. 

vesiculosus and F. serratus to  help assess blue carbon potential. Detrital production rates were 

determined by monitoring whole-thalli dislodgement and seasonal release of reproductive 

structures. Biomass accumulation was treated as a proxy for carbon accumulation.  

 

This purpose of Chapter 3 was to determine differences in degradability of ten species of kelp 

and fucoids across the North East Atlantic, and how this may impact their blue carbon potential. 

In particular, this Chapter looked at the difference in degradability between tissue types and 

species of both kelp and fucoid species, assessed using thermogravimetric analysis. For each 

species degradability was determined for the holdfast, stipe and lamina, and in fucoids for 
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receptacle tissues as well. Thermogravimetric analysis uses thermal degradation as a proxy for 

in situ degradation (Trevathan-Tackett et al., 2015).   

 

The aim of Chapter 4 was to develop a methodology to quantify the total spatial coverage of 

intertidal brown macroalgae at a national scale and use this to provide an estimate of standing 

stock of macroalgae. Spatial coverage was quantified using remote sensing, with a novel 

method using a combination of low-resolution satellite imagery and high-resolution UAV 

imagery. Spatial area and national standing stock of fucoids were compared to other terrestrial 

and marine carbon sinks in Wales. The significance of fucoids in their role as blue carbon 

habitats was also discussed at a national scale for Wales.  

 

Finally, Chapter 5 addresses the overall aim (see above), forming a conclusion based on the 

findings of the experimental chapters (Chapter 2 – 4). Furthermore, this chapter highlights the 

limitations of the research conducted in this thesis and emphases current research gaps which 

need to be addressed in future scientific studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapters within this thesis have been written in the style of papers as preparation for 

publication. As a result, repetition may occur where concepts are introduced multiple times.  
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Chapter 2  

Carbon production and loss of NE Atlantic fucoids suggest an 

important role as blue carbon donors 

 

2.1 Introduction 

 

As the effects of increased atmospheric carbon are becoming ever more apparent (Herring et 

al., 2020), nature-based solutions, such as natural carbon sequestration, are increasingly being 

recognised as an important mitigation strategy (Seddon et al., 2020). In the marine 

environment, ecosystems that naturally sequester carbon for long periods of time are termed 

‘blue carbon’ habitats (Chung et al., 2013; Lutz & Martin, 2014).  Seagrass, saltmarsh, and 

mangroves ecosystems are all considered blue carbon habitats due to their ability to produce 

and store organic material within sediments, in situ (Alongi, 2012; Chmura et al., 2003; Drius 

et al., 2016; Fourqurean et al., 2012). Macroalgae have traditionally been dismissed as blue 

carbon habitats due to the lack of in situ sequestration as they generally grow on hard substrates 

(Howard et al., 2017; Nellemann & Corcoran, 2009). Macroalgae, particularly large canopy-

formers, such as kelp and fucoids, are considered to have some of the highest productivity rates 

on Earth (Lieth & Whittaker, 1975) as well as having some of the highest detrital production 

rates across marine and terrestrial vegetative habitats (Krause-Jensen & Duarte, 2016; Krause-

Jensen et al., 2018; Smale et al., 2018). This has resulted in a recent focus on the role that 

macroalgae may play as blue carbon donors.  Theoretical modelling (Alongi, 2018; Hill et al., 

2015; Krause-Jensen & Duarte, 2016) and empirical evidence (Queirós et al., 2019) have 

demonstrated that detrital material produced by macroalgae can make its way to offshore and 

deep sea habitats where sediment burial can occur. 

 

Temperate macroalgae are generally considered more productive than tropical species and are 

therefore likely to have a stronger blue carbon role (Hill et al., 2015). To date most research on 

the blue carbon potential of macroalgae has focused on kelp (Order Laminariales). Focus 

within the research has been on: providing estimates of detritus and carbon sequestered by 

specific kelp species (Bayley et al., 2017; Pedersen et al., 2020); exploring innovative ways 

carbon can be transferred (Wernberg & Filbee-Dexter, 2018); and highlighting the important 

role kelps have in carbon sequestration (Filbee-Dexter, 2020). This importance is likely due to 

their high productivity rates (1000-2000g C m-2 yr-1 (Mann, 1973; Tait et al., 2015), capacity 
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to generate and export large quantities of detrital material (Krause-Jensen & Duarte, 2016; 

Krause-Jensen et al., 2018; Pedersen et al., 2020; Pessarrodona et al., 2018; Smale et al., 2018), 

and widespread presence throughout temperate coastal zones (occupying 25% of the Earths 

coastal zone; Wernberg et al., 2019). Fucoids have perhaps received less focus than kelps 

because their rates of productivity are generally considered lower (≤1000g/C/m2/yr-1 (Ferreira 

& Ramos 1989; Mann, 1973; Tait et al., 2015). However, some intertidal fucoids have 

extremely high productivity (e.g. productivity of Cystophora torulosa and Durvillaea antartica 

is 2000-4000g/C/m2/yr-1 (Tait et al., 2015). In addition, fucoid species are capable of reaching 

lengths of up to 2m, have a standing stock of ~30kg wet wt m-2 (Vadas et al., 2004) and have 

been estimated to cover large spatial areas (e.g. UK 11,000km2 Yesson et al., 2015). Therefore, 

even if rates of productivity are lower, fucoids are likely to make a significant contribution as 

a blue carbon donor. 

 

Fucoid biomass enters the marine environment as detritus via erosion, whole thalli 

dislodgement (McKenzie & Bellgrove, 2009; Van Tamelen & Stekoll, 1997) and seasonal 

release of receptacles (Josselyn & Mathieson, 1978). Erosion and whole plant dislodgement 

occurs through wave action (Malm et al., 2003) and herbivory (Dethier et al., 2005; Toth & 

Pavia, 2005). With fucoid species that contain air-filled vesicles, dislodgement of individuals 

can result in the formation of floating rafts (Vandendriessche et al., 2007), which help facilitate 

the dispersal of detrital material away from coastal zones (Smith, 2002). Seasonal pulses of 

detrital material also occur when annual and biannual fucoid species die-off (e.g. Himanthalia 

elongata) and via the release of reproductive receptacles, 1-3 months following spawning 

(David, 1943; Knight & Parke, 1950). Receptacles can make up ~50% of the entire individual 

biomass in fucoids (Åberg, 1996; Brenchley et al., 1996; Josselyn & Mathieson, 1978; 

Mathieson & Guo, 1992), and can release 500g dry wt m-2 yr-1 (Josselyn & Mathieson, 1978). 

Despite the potential of fucoids to export large amounts of detrital material, few studies have 

estimated the contribution of whole thalli dislodgement and receptacles. 

 

Fucoid productivity varies throughout the year, with greater growth typically exhibited during 

spring and summer and lowest growth during winter (Brinkhuis, 1977; Lehvo et al., 2001; 

Roman et al., 1990; Stengel & Dring, 1997). This temporal difference has been attributed to 

variation in light (Stengel & Dring, 1997; Strömgren, 1977) and nutrients (Lehvo et al., 2001). 

Detritus production is also strongly influenced by seasonal changes within the year, but this 

can be species specific. In Hormosira banksii whole-thalli dislodgement rates were high during 
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summer and autumn (McKenzie & Bellgrove, 2009) whereas in Fucus gardneri dislodgement 

was greater in late spring and summer as a result of increased desiccation causing stipes to 

become brittle (Haring et al., 2002). Seasonal timing in release of gametes in fucoids is also 

variable and highly species-specific (Brenchley et al., 1996; David, 1943; Knight & Parke, 

1950) with strong intra-specific synchrony present (Monteiro et al., 2012). For different 

species, different environmental cues trigger the release of gametes (Ladah et al., 2008), though 

lunar cycles (Monteiro et al., 2016), tidal height and light (Monteiro et al., 2012) are all 

considered to play a part. Generally, the highest rate of non-reproductive detrital production in 

brown macroalgae is considered to occur as a result of increased wave force (Krumhansl & 

Scheibling, 2011) during storm events (Krumhansl & Scheibling, 2012) which are most 

common during autumn and spring in temperate regions.  

 

Wave action is one of the leading factors affecting productivity (Kregting et al., 2016) and 

dislodgement rates (Krumhansl & Scheibling, 2012) in macroalgae. Fucoids exist within a 

range of wave exposure gradients (Ballantine, 1961; Little et al., 2010), therefore 

understanding the effect of wave exposure on carbon production and detrital release is 

important in determining their role as blue carbon donors. Carbon production and release is 

likely to alter through a combination of species-specific wave exposure tolerances and 

population level phenotypic responses. For example, sheltered shores are favoured by slow 

growing A. nodosum (Baardseth, 1970; Little et al., 2010) whereas F. vesiculosus, a faster 

growing species (Choi & Norton, 2005) are tolerant of both sheltered and more exposed shores 

(Little et al., 2010; Ruuskanen & Back, 1999). Phenotypic responses can affect detrital release 

with some species decreasing their individual size and biomass (Blanchette, 1997; Cousens, 

1980; Mathieson & Guo, 1992) in efforts to minimise drag, and therefore risk of dislodgement 

(Krumhansl & Scheibling, 2012). Therefore, though dislodgement rates are higher the amount 

of biomass released per individual may be reduced. Carbon production is also affected by wave 

action with nutrient availability increasing with wave action (Hepburn et al., 2007) leading to 

higher rates of productivity (Edward et al., 2006). Finally, wave action can influence 

productivity per unit area because fucoid density reduces from sheltered to exposed shores 

(Jonsson et al., 2006). This response may however be species specific with Sargassum 

polyceratium increasing in size and density with exposure (Engelen et al., 2005) and Fucus 

vesiculosus and F. spiralis doing the opposite (Jonsson et al., 2006). It is therefore important 

to understand how fucoid carbon production and release may alter as a function of species-

specific differences and wave exposure.  
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Ascophyllum nodosum, Fucus vesiculosus and F. serratus are fucoids confined to the north 

Atlantic Ocean. The biogeographical distribution of all species is generally similar, with 

Norway representing the northern limit (Baardseth, 1970; Fredriksen et al., 2005; Wahl et al., 

2015), and North Portugal the southern limit (Araújo et al., 2011;  Baardseth, 1970; Wahl et 

al., 2015). Across vertical shore height and wave exposure, these species are more selective in 

their preferences.  A. nodosum and F. vesiculosus are predominantly present within the mid-

shore, with A. nodosum favouring sheltered shores (Baardseth, 1970; Little et al., 2010) 

whereas F. vesiculosus can be present on more exposed shores (Little et al., 2010; Ruuskanen 

& Back, 1999). F. serratus is dominant within the low shore zone, but like F. vesiculosus is 

capable of occurring within sheltered and more exposed shores (Little et al., 2010; Ruuskanen 

& Back, 1999). Morphologically, both F. vesiculosus and A. nodosum contain gas-filled 

structures, whereas F. serratus do not. 

 

While some research has looked at F. vesiculosus and A. nodosum carbon production and 

detrital production this is limited in comparison to kelp, and studies have not been undertaken 

in this region of study or across the spatial gradients studied. Interestingly, there are no 

published studies on the carbon production and detrital release of F. serratus, only for F. 

serratus dominated communities (Bordeyne et al., 2017). This study aims to determine annual 

and seasonal carbon accumulation and release from A. nodosum, F. vesiculosus and F. serratus 

over a varied wave exposure gradient in order to assess fucoids blue carbon potential. Carbon 

accumulation was monitored by measuring biomass accumulation, and carbon release was 

measured by determining rates of whole-thalli dislodgement and receptacle release. 

 

  



30 
 

2.2  Methodology 

 

2.2.1 Experimental Sites 

 Carbon production and release from F. serratus, F. vesiculosus and A. nodosum was quantified 

at sites in mid and north Wales (Figure 2.1), over the duration of a year (2018-2019). Two 

moderately-exposed sites were sampled at a fine temporal resolution (every 6 – 8 weeks), while 

an additional six sites along a wave exposure gradient (sheltered, moderately-exposed and 

exposed; n=2 per exposure level) were sampled quarterly (spring, summer, autumn,  winter).   

Figure 2.1 Sites for estimating carbon production and release in Wales, UK. Location A and B are the wave  

exposure sites. Location C shows the sites sampled at a finer temporal scale. In subsets A , B and C, colour dots 

represent sites of different wave exposure: red - exposed, orange - moderately exposed; green – sheltered. 
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Wave exposure at each site was determined using the National Oceanic and Atmospheric 

Administration (NOAA) wave exposure model (WeMO v4) following Malhotra & Fonseca, 

2007. Along the wave exposure gradient not all sites had all three species. At Cwyfan Church 

only F. vesiculosus was present and at Porth Ysgaden only F. serratus, and F. vesiculosus were 

present. 

 

2.2.2 Density and Standing Stock 

Eight quadrats (0.25 m2) were placed at random within the main canopy zone of F. serratus, 

F. vesiculosus and A. nodosum at all sites between April – May 2019. Density was quantified 

as the number of canopy-forming individuals within the quadrat and upscaled to 1m2. In ideal 

circumstances, individuals should be identified as a single stipe arising from a holdfast, to 

ensure individuals were genetically different (Malm & Kautsky, 2004). However, due to time 

limitations, individuals were classed as all biomass arising from a single holdfast. Three of the 

largest individuals were removed, and wet weight (WW) recorded using a spring scale (grams 

+/- 0.1g). To convert WW to dry weight (DW), ten canopy forming individuals of each species 

were taken from College Rocks, weighed, dried at 60°C for 72 hours and weighed again (grams 

+/- 0.1g). The amount of carbon per gram DW material was calculated using the conversion 

rate of 0.37 (Bordeyne et al., 2015; Ilvessalo & Tuomi, 1989; Wilson et al., 2015). 

  

Standing stock was calculated for each quadrat following Equation 1. 

Equation 1 

SS =(�̅� ∗ 𝑑)𝑥 ∗ 𝑐 

where SS = standing stock, w̅ = mean weight of the three individuals, d = density upscaled to 

1m2, x = WW:DW conversion rate, and c = carbon conversion rate. The mean SS was 

calculated for the eight quadrats. 

2.2.3 Carbon Production  

Measurements of carbon production and release were made from individuals where a single 

stipe arose from a holdfast. To assess carbon production, biomass accumulation was used. 

Fifteen (Aberwennol and College Rocks) and ten (wave exposure sites) canopy forming 

individuals of the three species were marked by securing a cable tie with orange coloured PVC 
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tubing above the holdfast. Fucoids grow apically, however biomass accumulation of apical tips 

(AT) differs depending on canopy height (Vadas et al., 2004). To account for this the  approach 

of Vadas et al., (2004) was used for individuals at College Rocks and Aberwennol. Here the 

length of each individual was measured from holdfast to the longest frond (cm +/-1mm). The 

total length was used to divide the individual into three different canopy heights:  ATs falling 

within 80-100% of total length were classed as canopy; ATs occurring in 50-80% of total length 

were classed as sub-canopy; and ATs found below 50% of total length were classed as basal. 

Abnormal ATs were not used in biomass accumulation measurements. At each level (canopy, 

sub-canopy or basal), up to four healthy ATs were chosen and marked by removing a small 

piece of tissue ~1.5cm below the AT. A triangular notch created using scissors was used as a 

marker for A. nodosum, whilst for F. serratus and F. vesiculosus a hole-punch (3mm diameter) 

was used. The length (cm +/-1mm) was measured from the notch or hole to the top of the AT.  

 

After 6 – 8 weeks individuals were removed and returned to the laboratory in dark, cool 

containers. The new length was recorded, and the increment of growth calculated, removed, 

and blotted dry for recording wet weight (WW) in grams to 4 dp (OHAUS Pioneer® Precision 

balance scales, Switzerland). A mean of the WW biomass increment was calculated from the 

total number of ATs marked at each canopy height. The number of healthy ATs were then 

counted at each canopy height. Finally, following Equation 2, total biomass accumulation per 

individual was estimated. 

 

Equation 2 

𝐵 = (𝐶𝐵̅̅ ̅̅ ∗  𝐶𝑇 ) + (𝑆𝐵̅̅̅̅ ∗  𝑆𝑇) + (𝐵𝐵̅̅ ̅̅ ∗ 𝐵𝑇) 

Where: B = total biomass accumulation (WW g), CB = mean canopy biomass accumulation, 

SB = mean sub-canopy biomass accumulation and BB = mean basal biomass accumulation, 

CT = no. of tips at canopy, ST = no. of tips at sub-canopy and BT = no. of tips at basal. 

Data could not be collected for F. serratus at College Rocks during April – June 2018, and at 

Aberwennol for F. vesiculosus and A. nodosum during October – December 2018 and 

December – February 2018. This was due to a combination of tagged individuals not being 

found, and notched apical tips not being relocated.  
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At the wave exposure sites biomass accumulation was determined based on canopy ATs due 

to the length of time it took to set-up biomass accumulation measurements at all three canopy 

heights. After approximately 8 – 10 weeks, tagged individuals were collected and returned to 

the laboratory for biomass accumulation to be determined as outlined above. The difference in 

biomass accumulation between the canopy, sub canopy and basal ATs were calculated using 

the differences found at College Rocks and Aberwennol. The conversion factor to account for 

reduced growth at sub-canopy and basal layers were applied relative to each quarterly period 

(Appendix: Section 2.1)  and similar to College rocks and Aberwennol, the number of healthy 

AT at each canopy level were counted. Equation 2 was then applied using the estimated 

biomass accumulation for the sub-canopy and basal tips, primary data for canopy tips, and 

respective number of ATs at each level.  

 

To convert g WW to carbon production per day (g C day-1) the following equation was used:   

Equation 3 

𝐶𝑃 = (𝐵 ∗ 𝑥 ∗ 𝑐)/(𝑑) 

where CP = carbon production, B = total biomass accumulation (WW g) of the individual, x = 

WW:DW ratio of apical tips, c = carbon conversion factor and d = the number of days growth 

was measured. WW:DW ratio was established by drying apical tips at 60°C for 96 hours and 

the same carbon conversion factor was used as for standing stock. 

 

From these values annual carbon production (g C m-2 yr-1) was calculated for each site. For 

College Rocks and Aberwennol, annual carbon production was calculated by multiplying g C 

day-1 by the total numbers of days tagged individuals were in the field, and number of days 

until the next set of individuals were tagged for the next period. This was then summed to 

provide a yearly estimate per species and site. Missing carbon production data for Aberwennol 

and College Rocks was substituted by calculating the mean value of the two adjacent growth 

periods. For the wave exposure sites, estimates of carbon production (g C day-1) were 

multiplied by the number of days in that season before being summed across the four seasons. 

Total carbon production (g C yr-1 ) was then scaled-up to per m2 by multiplying the density of 

individuals (m2) of each of the eight quadrats used for measuring standing stock (see above). 
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2.2.4 Carbon loss -  whole dislodgement 

For all sites, canopy-forming individuals of each species were tagged within their main zone 

of abundance, by securing a cable tie with yellow coloured PVC tubing above the holdfast. 

Whole dislodgement was recorded when the tagged individual could not be found or when 

≥75% of the individual’s length had been removed. At Aberwennol and College Rocks, thirty 

tagged individuals were spatially separated into five replicates of six individuals. For the wave 

exposure sites, up to twenty individuals were tagged, in five replicates of four individuals. 

Volume has been found to be a reliable proxy for DW in fucoids (Åberg, 1990). Therefore, the 

volume of each tagged individual was calculated by measuring the length and circumference 

of an individual (cm +/-1cm). The volume was then used to predict DW by using a regression 

analysis (see Appendix: Section 2.2). For Aberwennol and College Rocks, after 6 – 8 weeks, 

tagged individuals were searched for, and any not found were assumed to be dislodged. Any 

dislodged individuals were replaced to re-establish a tagging total of thirty. Data was not 

recorded between March – April 2018 and April – May 2018 for A. nodosum at Aberwennol, 

as the experimental site had become temporarily buried in shingle.  

 

For wave exposure sites, individuals were tagged once at the start of spring. At the end of each 

quarter, tagged individuals were searched for, and any not found were assumed to be dislodged, 

tags that were not found were not replaced. Data could not be collected during the spring period 

for A. nodosum at one moderately exposed and one sheltered site due to a large proportion of 

individuals being incorrectly tagged (i.e. wrong species tagged, not canopy individuals etc.) by 

volunteers during fieldwork.  

 

DW of dislodged plants was then calculated based on volume measurements of individuals 

prior to dislodgement. To convert dislodgement into carbon released per day (g C day-1) the 

following equation was used: 

 

Equation 4 

𝑅𝐶 =
𝑙 ∗ 𝑣̅ ∗ 𝑐

d
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where RC = released carbon, l = number of lost individuals, v̅ = mean DW of individuals, 

estimated from volume measurements, c = carbon conversion factor (as used for estimating 

standing stock), d = number of days since tagged individuals were last recorded as present. The 

mean amount of carbon released was an average of g C day-1 from each group of tagged 

individuals within each site.  

 

To convert released carbon into an annual estimate (g C m-2 yr-1) the equation from de 

Bettignies et al., (2013) and Pessarrodona et al., (2018) was used:  

 

Equation 5 

𝐿 ∗ �̅� ∗ �̅�

T
 

 

where L= annual proportion of lost individuals, D̅ = mean density of  individuals per m2, T = 

number of tagged individuals, and w̅ = mean individual biomass (DW). To generate replicates 

for analysis, the value D̅ was taken from each of the eight quadrats used to determine algal 

standing stock for the respective site and species. For  A. nodosum mean biomass (w̅) was 

determined using a combination of biomass taken from standing stock estimates and volume 

to DW conversions to account for the uncertainty of whether dislodgement represented loss of 

a single stipe from a holdfast or loss of all biomass attached to a single holdfast. The missing 

dislodgement data for A. nodosum during the spring period at one of the sheltered sites was 

estimated by calculating the mean number of individuals lost from autumn, winter and summer, 

following no significant difference in dislodgement rates between seasons. For A. nodosum 

during spring at one of the moderately exposed sites, missing data was estimated based on 

summer data as there were differences in dislodgement rates between seasons, and summer had 

the lowest rates of dislodgement and therefore provided the most conservative estimate. At 

Aberwennol, missing A. nodosum dislodgment data (because the plants were temporally 

covered by shingle) were based on estimates from Feb-March and May-June.  

 

From here-on, sites of varied wave exposure present in the region of subset B are referred to 

as Site 1, and sites of varied wave exposure present within subset A are referred to as Site 2  

(Figure 2.1). 
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2.2.5 Carbon loss – receptacles  

Following spore release, fucoids cast off their receptacles (Baardseth, 1970; Knight & Parke, 

1950). To estimate the contribution of receptacles to the carbon released by fucoids, 

observational data was recorded at College Rocks, Aberystwyth where receptacle development 

was scored for each species during 2018 based on Knight & Parke (1950) and David (1943) to 

determine the time at which individuals were spawning and therefore about to shed their 

receptacles. For A. nodosum this was April, for F. vesiculosus May and for F. serratus 

September.  For each species, at their respective peak reproductive periods, five canopy 

forming individuals were removed from College Rocks. All receptacles were removed, with 

the exception of abnormal receptacles and weighed (WW). The WW of receptacles was 

converted to DW using a conversion factor of 0.2 and then to carbon using the conversion 

factor of 0.3. Both conversion factors were taken from Vadas et al., 2004.  

 

2.2.6 Statistical analysis 

For all analyses IBM SPSS v25 software was used.  

For standing stock, a two-way ANOVA was performed at the two sites within mid Wales, with 

site (2 levels: Aberwennol and College Rocks) and species (3 levels; F. vesiculosus, A. 

nodosum and F. serratus). A three way ANOVA was conducted between wave exposure sites 

with wave exposure (3 levels: sheltered, moderately exposed and exposed), site (2 levels: 2 

sites per wave exposure) nested within wave exposure and species (3 levels; F. vesiculosus, A. 

nodosum and F. serratus).  

 

To investigate carbon production and loss, a three way ANOVA was performed on the more 

regularly collected data with the factors; site (2 levels: Aberwennol and College Rocks); Month 

(7 levels for carbon production and 8 levels for dislodgement); and species (3 levels; F. 

vesiculosus, A. nodosum and F. serratus). For wave exposure sites, a four way ANOVA was 

performed with the factors; wave exposure (3 levels; sheltered, moderately exposed and 

exposed), site (2 levels: 2 sites per wave exposure) nested within wave exposure, season (4 

levels: spring, summer, autumn and winter), and species (3 levels; F. vesiculosus, A. nodosum 

and F. serratus). Finally, to investigate differences in carbon lost from receptacles a one-way 

ANOVA was conducted with the factor; species (3 levels – A. nodosum, F. vesiculosus and F. 
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serratus). For all analyses, the modified Levene’s test (Brown & Forsythe, 1974) and Shapiro-

wilk tests was used to test for the assumptions of ANOVA, and data transformations applied 

where needed. Outliers were defined using boxplot analysis and removed from Aberwennol 

carbon production for A. nodosum for two periods (April – June and October – December). 

Outliers were also identified in dislodgement data, however on inspecting the data this 

dislodgement was considered to be real and therefore this data was included in the analysis. 

Significance was set at P<0.05 with the exception of carbon production across wave exposure 

sites which did not meet the assumptions of ANOVA following transformation. To reduce the 

chance of Type I error, the P value was reduced (P<0.01). Pairwise comparisons from estimated 

marginal means were carried out on significant interactions.  
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2.3 Results 

 

2.3.1 Standing Stock 
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Figure 2.2 Mean algal standing stock between sites. Error bars denote 

SEM. 
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At Aberwennol and College Rocks standing stock significantly differed between species 

(ANOVA; F2, 42  = 10.084, p <0.001; Appendix Table 2.1), with the standing stock of F. 

vesiculosus and F. serratus significantly lower than A. nodosum (Figure 2.2). While there was 

no interaction between site and species it is clear that the difference between species is 

predominantly driven by the high standing stock of A. nodosum at College Rocks.  

 

Standing stock did not differ across the wave exposure gradient or between species across this 

gradient, nor were interactive effects present (Figure 2.3; Appendix: Table 2.2).  

 

2.3.2 Carbon production 
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At Aberwennol and College Rocks carbon production (g C day-1) exhibited a significant 

interaction between; site, species, and month (F7, 204 = 5.503, p <0.001; Appendix Table 2.3). 

A. nodosum had significantly lower carbon production than F. serratus across the whole study 

period and lower than F. vesiculosus between April and October (Figure 2.4).  

 

All species showed variations in carbon production over time, with the lowest values occurring 

during winter (October to February) (Figure 2.4). For A. nodosum, carbon production 

increased to a relatively constant rate of approximately 0.002 g C day-1 from February through 

to October for both sites (Figure 2.4). In comparison, carbon production peaked in August to 

October for F. vesiculosus while F. serratus experienced peak carbon production in February 

to April, with smaller peaks seen in June-July for Aberwennol, and August – October for 

College Rocks (Figure 2.4). Overall, carbon production was significantly lower at Aberwennol 

compared to College Rocks for F. vesiculosus between June and October, and for all months 

except June-July for F. serratus. Carbon production was similar across the two sites for A. 

nodosum (Figure 2.4).  

 

Annual carbon production, at College Rocks and Aberwennol, differed significantly between 

species (F2,42 = 85.119, p<0.001; Appendix Table 2.4) with carbon production lower in A. 

nodosum (~16 g C m-2 yr-1) compared to F. vesiculosus (~217.6 g C m-2 yr-1) and F. serratus 

(~222.5 g C m-2 yr-1).  

 

Within wave exposure sites, there was a significant species by season interaction (F6,9.558 = 

14.633, p <0.001 Appendix Table 2.5). For F. serratus carbon production was significantly 

higher during spring and summer (0.04-0.14 g C day-1) compared to autumn and winter (≤ 0.04 

g C day-1) (Figure 2.5). Overall, during winter and spring F. vesiculosus had the lowest rates 

of carbon production (<0.008 g C day-1), with rates significantly higher in summer and autumn 

(0.04 – 0.08 g C day-1). For A. nodosum, carbon production appeared to peak in either spring 

or summer whereas the lowest rates were found during winter, however, these differences were 

not significant. Carbon production of F. serratus and F. vesiculosus was significantly higher 

than A. nodosum during spring and summer, as well as summer and autumn. Overall, F. 

serratus carbon production was significantly higher than F. vesiculosus (Figure 2.5). In winter, 

there was no significant difference in carbon production between species.  
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Annual carbon production of fucoids over a wave exposure gradient exhibited a significant 

main effect of site nested within exposure, and a significant interaction between species and 

wave exposure (Wave exposure (site): F3,3 = 17.892, p<0.05;  species x wave exposure: F4,3 = 

13.626  p<0.05; Appendix Table 2.6). Annual carbon production was significantly higher at 

Site 1 (Porth Colmon, Porth Ysgaden and Porthor) across all species and wave exposures 

(Figure 2.6 A). Across all exposure gradients, annual carbon production of A. nodosum was 

lower (~55.6 g C m-2 yr-1) than F. serratus and F. vesiculosus (~571.7 g C m-2 yr-1) (Figure 2.6 

A). On sheltered and exposed sites, annual carbon production of F. vesiculosus and F. serratus 

was not significantly different from each other, however, on moderately exposed sites, carbon 
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production in F. serratus was higher compared to F. vesiculosus. Across wave exposure 

gradients, annual carbon production of F. vesiculosus was significantly higher on sheltered 

sites compared to moderately exposed sites and F. serratus had higher carbon production on 

moderately exposed and exposed sites in comparison to sheltered sites (Figure 2.6 A). Annual 

carbon production of A.  nodosum did not vary with wave exposure.  

 

2.3.3 Carbon release 

Whole plant dislodgement at College Rocks and Aberwennol exhibited a significant interaction 

between month and species as well as a significant main effect of site (Month x Species; F1, 

200= 3.425, p<0.001, Site; F1,200 = 6.510, p <0.05; Appendix Table 2.7) While dislodgement 

was significantly higher at Aberwennol (Figure 2.4), there were notable differences in between 

species and time of the year. Dislodgement of F. vesiculosus did not differ throughout the year, 

losing between 0.03 – 0.14 g C day-1. In contrast, A. nodosum experienced a single peak in 

carbon release (0.28 g C day-1 +/- 0.09 SEM) during April and May, which was significantly 

higher than all other months. F. serratus experienced significantly higher dislodgement rates 

between September and October (0.32 - 0.81 g C day-1). For all species, dislodgement rates 

were similar between species with the exception of A. nodosum in April and May and F. 

serratus in September and October when loss rates were significantly higher compared to the 

other two species.  

 

The total carbon release per year was significantly different between sites (F1,42 = 10.711, 

p<0.01) and species (F2, 42 = 3.400, p<0.05; Appendix Table 2.8). Annual dislodgment was 

significantly higher at Aberwennol than College Rocks (1122.6 g C m-2 yr-1 ; 631.5 g C m-2 yr-

1: total across three species for each site respectively) Summing the dislodgement across the 

whole year, F. vesiculosus released significantly more carbon (~ 378.8 g C m-2 yr-1; mean value 

across two sites) than F. serratus (~210.1 g C m-2 yr-1; mean value across two sites). Annual 

dislodgement of A. nodosum (~288.3 g C m-2 yr-1; mean value across two sites)  was not 

significantly different from F. serratus or F. vesiculosus. 

 

Across a wave exposure gradient, dislodgement was influenced by a significant site nested 

within wave exposure by season and species interaction (F8, 232 = 3.599, p<0.01 Appendix 

Table 2.9).  Overall, dislodgement was greater during autumn and winter for all species, wave 

exposures and sites, but this was not always significant (Figure 2.5). Rates of dislodgement 
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during winter and autumn for species were greater on sheltered compared to exposed sites, 

although there was variability between sites. The highest dislodgement occurred in A. nodosum 

where 0.3 ± 0.01 g C day-1 was released at one of the sheltered sites  during winter (Figure 

2.5). While there was some variability between sites, there was generally similar rates of 

dislodgement across wave exposure, season, and species outside of winter and autumn.  

 

There was a significant interaction between species and site nested within exposure (F3,105 = 

13.356, p<0.000 Appendix Table 2.10) for annual dislodgement. Within the sheltered sites, 

A. nodosum annual dislodgement (~326.5 g C m-2 yr-1) was significantly higher than F. 

vesiculosus (~89.3 g C m-2 yr-1) and F. serratus (~190.7 g C m-2 yr-1) (values represent means 

of the two sites). F. serratus, at one of the moderately exposed sites, released the largest 

amount of carbon over the course of the study (632 g C m-2 yr-1 +/- 77.8 SEM) (Figure 2.6 B) 

significantly more than A. nodosum and F. vesiculosus at moderately exposed sites. Annual 

dislodgement tended to be greater on sheltered sites than exposed (Figure 2.6 B), though this 

was not always significant.  
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Figure 2.6 Mean (+/- SEM) annual carbon production (A) and release (B) Not all species were present at all sites, A. 

nodosum and F. serratus are absent from exposed Site 2, and A. nodosum. 
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2.3.4 Receptacle biomass loss 

F. vesiculosus and F. serratus released more carbon from receptacles (12.7 ± 4.3 g C and 10.9 

± 4.0 g C respectively) compared to A. nodosum (5.6 ± 1.5 g C) per individual, however this 

was not statistically significant (F2,12 = 1.114, p>0.05; Figure 2.7 A; Appendix: Table 2.11). 

The annual release of receptacles per area was 229.1 g C m-2 yr-1 +/- 77.8 SEM of receptacle 

tissue by F. vesiculosus, 139.4 g C m-2 yr-1 +/- 37.6 SEM by A. nodosum and 153.0 g C m-2  +/- 

56.6 SEM by F. serratus, although again these differences were not statistically significant. 

(F2,12 = 0.658, p>0.05; Figure 2.7 B; Appendix  Table 2.12 ). 
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2.4 Discussion  

 

Carbon production and release varied between species and through time and on a species- 

specific basis, across wave exposures. For all species, productivity was lowest in late autumn 

and winter and highest in spring and summer. This seasonality in carbon production has been 

observed in other studies (Lehvo et al., 2001) and has been attributed to higher light levels 

(Brinkhuis, 1977; Strömgren, 1977) and temperature (Stengel & Dring, 1997) during spring 

and summer.  

 

For F. vesiculosus the amount of carbon produced in this study ranged between 178.4 – 941.6 

g C m-2 yr-1. For the most part, productivity was similar to that found in other studies (~150 and 

400 g C m-2 yr-1; Brinkhuis, 1977; Ferreira & Ramos, 1989; Roman et al., 1990) however within 

Porth Colmon and Porthor (Site 1), productivity values were deemed higher at >600 g C m-2 

yr-1. For F. serratus, this study provided a first-order estimate of carbon production, ranging 

from 178.4 - 958.9 g C m-2 yr-1.  In contrast, the carbon production of A. nodosum in this study 

(15.8 -74.0 g C m-2 yr-1) was lower than observed in other studies (~90 - 934.8 g C m-2 yr-1; 

Brinkhuis, 1977; Lamela-Silvarrey et al., 2012). This difference is likely a function of how 

individual plants were determined in this study. Following Baardseth, 1970, this study 

identified an individual as a single shoot arising from a holdfast. Other studies have classified 

an individual as all shoots arising from a holdfast, resulting in more apical tips per ‘individual’ 

and therefore leading to greater productivity rates. Interestingly, in F. serratus carbon 

production increased with wave exposure, reaching ~720 and ~960 g C m-2 yr-1 on moderately 

exposed and exposed sites, respectfully. Collectively, these annual estimates are similar or 

higher than that found in some kelp species (Krumhansl & Scheibling, 2012; Mann, 1973).  

 

At some sites F. vesiculosus exhibited similar rates of annual carbon production to F. serratus, 

despite having lower carbon production per day. However, this was due to F. vesiculosus being 

found in higher densities to F. serratus leading to similar levels of carbon production when 

measured at the population level. An example of this can be found on Porthor (Site 1; Exposed). 

A similar pattern was also observed for F. serratus when comparing carbon production 

between one of the moderately exposed sites in mid Wales (College Rocks) with the 

moderately exposed site 2 in north Wales. Despite similarities in individual measures of carbon 

production, when algal density was included in the calculations, carbon production was 
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considerably higher in north Wales (958.9 g C m-2 yr-1) compared to College Rocks  (266.6 g 

C m-2 yr-1). Therefore, the amount of carbon produced between sites is likely to be a function 

of in situ growth rates and algal density.  

 

Carbon release, via dislodgement and senescence of receptacles, varied between species, 

seasons and in some cases sites. Across most study sites, whole-thalli dislodgement, 

exhibited seasonal variation that was consistent across all species, with higher dislodgement 

occurring in either autumn or winter, similar to other studies (Pedersen et al., 2020) and 

probably a consequence of increased storminess at this time. In contrast, in mid Wales peak 

dislodgement of A. nodosum occurred in late spring, when this species had full receptacles, 

and following Storm Hannah. As reproductive structures can constitute ~ 50% of A. nodosum 

biomass (Josselyn & Mathieson, 1978), the combination of increased drag through the 

presence of receptacles and a spring storm event, is likely to have led to peak dislodgement at 

this time.  

Interestingly, dislodgement was greater on sheltered sites for all species, with A. nodosum 

releasing more biomass, via dislodgement, than observed for most kelp species (Krumhansl & 

Scheibling, 2012). Higher attachment strength on more exposed sites (Kawamata, 2001; 

McEachreon & Thomas, 1987; Xu et al., 2016) could explain lower dislodgement, particularly 

during extreme storm events. Moreover, individual plant biomass decreased with increasing 

exposure, therefore reducing the amount of biomass released when individuals were dislodged 

and minimising drag, reducing the chance for dislodgement (de Bettignies et al., 2015).  

 

Across species and sites annual dislodgement was similar with ~213.8 g C m-2 yr-1 released, 

this is greater than the carbon released via dislodgement by Laminaria hyperborea in the UK 

(Pessarrodona et al., 2018) and similar to that released by many kelp species around the world 

(Krumhansl & Scheibling, 2012). The carbon released from receptacle senescence was between 

139.4 – 229.1 g C m-2 yr-1, greater than the carbon released during the shedding of the old 

growth collar by L. hyperborea in the UK (Pessarrodona et al., 2018). This means collectively 

that the release of carbon via detrital pathways (excluding erosion, which was not measured) 

is greater than that of L. hyperborea in the UK (Pessarrodona et al., 2018). This is staggering, 

given that fucoid standing stock, with the exception of A. nodosum at College Rocks was 

similar (A. nodosum) or generally lower (F. vesiculosus and F. serratus) than L. hyperborea, 

particularly in northern regions of the UK (Pessarrodona et al., 2018). 
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It should be noted that the largest individuals were used in providing the standing stock estimate 

and annual dislodgement per area values for this chapter. It is possible that the estimates will 

be inflated to a small degree, though the level of bias is anticipated to be slight. Given the low 

number of individuals sampled, throughout the entire population it is likely that a considerable 

number of even larger specimens will exist.  

 

The amount of carbon released, through whole-thalli and seasonal receptacles, can be 

compared to other ecosystems. Using 30.5% as the average canopy coverage across Wales 

(determined in Chapter 4), the mean value of carbon released by both whole thalli dislodgement 

(north Wales sites) and receptacle production (mid Wales sites) of intertidal fucoids is 

estimated as 2.3 t C ha-1 yr-1. This value is just below that of carbon released from kelp species 

L. hyperborea (~3 t C ha-1 yr-1) and substantially below that of tidal marsh (~5 t C ha-1 yr-1), 

but above that of other marine habitats (seagrass), and carbon released (through litter flow) of 

terrestrial systems (Pessarrodona et al., 2018). Within the British Isles kelp and fucoids have 

been estimated to cover 19,000 km2 and 11,000 km2 of the coast respectively (Yesson et al., 

(2015). By using the estimate of carbon released from L. hyperborea from Pessarrodona et al., 

(2018), ~6.1 Tg C yr-1 of detritus is released by kelp, compared to 8.4 Tg C yr-1 (using the 

values in this study upscaled to 100% coverage) released by fucoids within the British Isles. 

Based on these estimates, fucoids detritus outputs are 1/3 larger than that of kelp, if not greater 

due to the absence of including erosion estimates in fucoids. However, the areal estimates from 

Yesson et al., (2015) should be taken with caution, as following Chapter 4 on this study, they 

may well be overestimated. In addition, it should be noted that the estimate for the amount of 

carbon released by  fucoids was calculated using sites only in Wales. Including values from 

other sites across the remaining coastline of the British Isles would improve accuracy.  

 

Currently, the role of macroalgae as blue carbon donors has focused on kelp. This study 

demonstrates that intertidal canopy-forming fucoids are capable of matching rates of kelp 

carbon accumulation and release. In particular F. serratus exhibits annual productivity rates 

equal to that of kelp, with annual carbon released from whole-thalli dislodgement and 

receptacles across all fucoid species greater than that of kelp. As a result, fucoids should be 

considered as equally important contributors towards carbon donation and sequestration. This 

study further highlights the role of macroalgae within carbon sequestration and supports the 

need for the recognition of carbon donation in blue carbon assessments. For this recognition to 
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occur, further research is needed to quantify the contribution of canopy-forming macroalgae 

towards carbon storage and develop standardized methods for assessing these contributions 

internationally.  
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Chapter 3  

Species and tissue type influence marine macrophyte blue carbon 

potential 

 

3.1  Introduction 

 

Global greenhouse gas emissions are continuing to rise (Peters et al., 2019) with current rates 

of emission tracking Representative Concentrative Pathways (RCP) 8.5 scenario, or the 

‘business as usual’ pathway (IPCC, 2014). At the same time 189 nations of the global 

community (minus 8 parties which did not ratify) came together in Paris in 2016 and pledged 

to keep greenhouse gas emissions below levels that would ensure global temperatures did not 

rise above 2°C (UNFCC, 2015). In order to achieve this target, governments around the world 

need to reduce their greenhouse gas emissions as well as look at technological and natural 

methods that enable carbon dioxide to be sequestered out of the atmosphere. Nature-based 

solutions (NBS), protect, restore, and manage environments that help tackle societal 

challenges, such as climate change, and promote biodiversity and human welfare (Cohen-

Shacham et al., 2016). Carbon sequestration within the NBS framework involves ecosystem-

based protection and restoration of habitats that have the potential for natural carbon 

sequestration (Cohen-Shacham et al., 2016). An example of this is REDD (reduced emissions 

from deforestation and forest degradation) and REDD+ schemes, where developing countries 

are offered monetary rewards to manage forests in order to maintain and increase forests as 

carbon sinks, while at the same time supporting the conservation of natural habitats (UN-

REDD, 2020). 

 

Blue Carbon is the term given to marine environments or habitats that are able to sequester and 

store carbon for long periods of time (Chung et al., 2013; Lutz & Martin, 2014). While the 

importance of carbon sequestration has been well established, the recognition of marine and 

coastal ecosystems as carbon sinks has lagged behind that of land. For example, there is no 

REDD or REDD+ scheme for marine vegetated habitats even though these ecosystems are 

vulnerable to habitat loss (McLeod et al., 2011). Carbon, in blue carbon habitats, is typically 

stored within the living biomass of primary producers and the stable sediments in which they 

are found (Nellemann & Corcoran, 2009). Among marine coastal ecosystems, saltmarsh, 

seagrass meadows and mangroves forests are recognized as important blue carbon habitats 
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(Alongi, 2012; Chmura et al., 2003; Donato et al., 2011; Drius et al., 2016; Fourqurean et al., 

2012), sequestering between  ~160 - 800 Mg C ha-1 (Alongi et al., 2016; Donato et al., 2011; 

Fourqurean et al., 2012). This is similar if not greater than that held within some terrestrial 

habitats, e.g. forests and grassland (Besar et al., 2020; Pan et al., 2011; Payne et al., 2019).  

Traditionally, macroalgae have been ignored as a blue carbon habitat as they typically grow on 

hard substrates or are free-floating, making storage of carbon via in situ sediment burial 

impossible (Howard et al., 2017; Nellemann & Corcoran, 2009). Recent research has, however, 

suggested that macroalgal reefs may play an important role in carbon sequestration carbon 

donation (Filbee-Dexter & Scheibling, 2012; Krumhansl & Scheibling, 2011; Krumhansl & 

Scheibling, 2012; Pessarrodona et al., 2018). Macroalgae, particularly large canopy-forming 

species, are some of the most productive on Earth (Lieth & Whittaker, 1975) and have some 

of the highest detrital production rates of all marine and terrestrial vegetative habitats (Krause-

Jensen & Duarte, 2016; Krause-Jensen et al., 2018; Smale et al., 2018) with up to 80% of this 

detrital matter exported from source habitats (Krumhansl & Scheibling, 2011). This particulate 

and dissolved detrital material can be transported more than 4800 km (Krause-Jensen & Duarte 

2016; Ortega et al., 2019), occurring within coastal areas (400m depth) (Filbee-Dexter et al 

2018), the continental margin (1800 m depth) (Kokubu et al., 2019) and the deep sea (4000 m 

depth) (Krause-Jensen & Duarte 2016; Ortega et al., 2019) where the carbon can be buried and 

stored in sediments. It has been estimated that macroalgae has the potential to sequester up to 

173 Tg C yr–1 (Krause-Jensen & Duarte, 2016), exceeding that sequestered within the 

sediments of other coastal vegetated habitats (111.4 Tg C yr-1 (Duarte et al., 2005)). 

  

The degradability, and therefore sequestration potential, of autotrophs is influenced by the 

composition and structure of their cell wall (Grabber, 2005; Jung & Casler, 2006; Morrison, 

1988; Zhang et al., 2011), which in macroalgae is known to vary across orders and species 

(Trevathan-Tackett et al., 2015). In addition, many more complex algae, such as kelp and 

fucoids, are composed of different tissue types (e.g. holdfast, stipe, lamina) that have different 

chemical compositions (Connan et al., 2006; Fairhead et al., 2005; Van Alstyne et al., 1999; 

Westermeier et al., 2012), likely to affect the rate of tissue decomposition. While previous 

studies have found that macroalgae decomposes at a faster rate than aquatic vascular plants 

(e.g. seagrass) (Josselyn & Mathieson, 1980), and loses significantly more carbon in the 

process of decomposition (Kristensen, 1994), macroalgae are still likely to play a significant 

role as blue carbon donors.  
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Large canopy-forming macrophytes such as kelp and fucoids dominate rocky intertidal and 

subtidal environments across much of the globe (Wahl et al., 2015). Kelp (primarily in the 

order Laminariales, but also including Tilopteridales) cover 25% of global coastlines 

(Wernberg et al., 2019) and occupy shallow (<40m depth) subtidal rocky habitats in temperate 

and Arctic waters (Filbee-Dexter & Wernberg, 2018; Howard et al., 2017; Wernberg et al., 

2019). Fucoids occupy intertidal and shallow subtidal reefs from the tropics to the poles 

(Nizamuddin, 1970; OBIS, 2020), however, in the NE Atlantic they are primarily restricted to 

the intertidal zone. These canopy-forming species are globally important, providing a range of 

goods and services. This includes:  supporting high levels of diversity, including commercially 

important species (Lilley & Schiel, 2006; Teagle et al., 2017); attenuating wave action, which 

provides natural coastal defence (Duarte et al., 2013); and providing biochemical compounds 

for use in the pharmaceutical and medical industries (Grijalvo et al., 2019; Sellimi et al., 2018). 

In addition, kelp has high rates of productivity (1000-2000g C m-2 yr-1 (Mann, 1973; Tait et al., 

2015), and a conveyor-belt like growth system resulting in a consistent release of detrital 

matter, as well as seasonal detrital releases via whole plant loss during storms or in some 

species (e.g. Laminaria hyperborea) loss of old growth material in late spring (Lüning, 1969). 

Fucoids generally have lower rates of productivity (<1000g C m-2 yr-1 (Brinkhuis 1976; 

Brinkhuis 1977; Ferreira & Ramos 1989; Thom, 1983; Vadas et al., 2004)), but still produce 

significant amounts of detritus via whole plant dislodgement, seasonal senescence of annual 

and biannual species (e.g. Himanthalia elongata) and the release of receptacles at the end of 

the reproductive season (Åberg, 1996; Brenchley et al., 1996; Josselyn & Mathieson, 1978; 

Mathieson & Guo, 1992).  

 

Here the degradation rates of different kelp and fucoid species and their different tissue types 

were investigated to determine differences in blue carbon potential. The dominant northeast 

(NE) Atlantic brown algal canopy-formers were investigated, including the fucoids: Fucus 

vesiculosus, F. serratus, Ascophyllum nodosum and Himanthalia elongata; kelps: Laminaria 

digitata, L. hyperborea, L. ochroleuca, Saccharina. latissima, Alaria esculenta and Undaria 

pinnatifida, and the kelp-like Saccorhiza polyschides (Order Tilopteridales). While most of 

these species are at the centre of their global distribution in the UK, L. ochroleuca is a warm-

water kelp expanding its range in the UK (Smale et al., 2015), and U. pinnatifida is an invasive 

species considered in the top 100 invasive species of concern (Lowe et al., 2000).  Most of the 

species within this  study are perennial, living between 2 and 18 years (Rees, 1932; Smale et 

al., 2013), with the exception of A. nodosum which can live between 50 - 60 years (Åberg, 
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1992). The remaining species, H. elongata and S. polyschides are pseudo-annuals and U. 

pinnatifida an annual species. 

 

Thermogravimetric analysis (TGA) was used to assess degradability by thermal stability. TGA 

records the weight loss of a biological sample at increasing temperatures, with the weight loss 

at specific temperatures correlating to cell structure,  therefore allowing the rate of degradation 

to be assessed (Trevathan-Tackett et al., 2015). Using this approach, mass loss at a lower 

temperature indicates material that contains components which are labile and more likely to 

degrade quickly. Mass loss at higher temperatures indicates more recalcitrant components that 

are likely to persist and are therefore more likely to be sequestered.  

 

This purpose of this study was to clarify the blue carbon potential of ten species of kelp and 

fucoids common across the North East Atlantic by determining differences in degradability 

using thermogravimetric analysis. In particular, this study looked at whether degradability 

differed in tissues types within and between macroalgae species and the impact this may have 

on their blue carbon potential.    
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3.2  Methodology 

 

3.2.1 Sample Collection 

Five individuals, separated by at least 3m, of each species were collected randomly in 2018 

and 2019 across Wales and south-west England. Laminaria digitata, L. hyperborea, 

Saccharina latissima, and Saccorhiza polyschides were collected in August 2018 from St 

Brides, west Wales (Figure 3.1 C) U. pinnatifida and L. ochroleuca were collected in 

Figure 3.1. Locations in Wales and south-west England where 

macroalgae were collected for thermogravimetric analysis. H. elongata 

and A. esculenta were collected from location A, F. vesiculosus, A. 

nodosum and F. serratus from location B, L. digitata, L. hyperborea, S. 

latissimi and S. polyschides at location C and U. pinnatifida and L. 

ochroleuca at location D.  
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November 2018 from Firestone Bay, southest England (Figure 3.1 D). A. nodosum, F. 

vesiculosus, and F. serratus were collected in September 2018 from College Rocks, mid Wales 

(Figure 3.1 B), while A. esculenta and H. elongata was collected in April and June 2019 

respectively, in Porthor and Porth Ceiriad, north Wales respectively (Figure 3.1 A).  

 

Individuals were collected while still submerged to minimise environmental variation between 

intertidal and sub-tidal species. Individuals were transported either in cool boxes with saltwater 

or in liquid nitrogen back to the laboratory where they were scraped clean of epiphytes, and 

separated into the three different tissue types; holdfast, stipe and lamina (Figure 3.2). For H. 

elongata the button structure and for A. nodosum the lateral fronds were considered as the 

lamina tissue. Additionally, receptacle tissues were taken from the four fucoids. Receptacles 

were sampled as close as possible to the end of reproductive season of each species. All tissues 

were blotted dry and stored at -80°C waiting further analysis. Prior to analysis, samples were 

freeze dried for 2 – 4 days depending on tissue thickness, milled in a cryogenic plant grinder 

(Labman 100, Labman Automation, Stokesley, Middlesbrough, UK) and stored at room 

temperature ready for analysis.  

B A 

Holdfast 

Lamina 

Stipe 

Holdfast 

Lamina 

Stipe 

Figure 3.2 Basic tissue structure of kelp (A) and fucoids (B). 
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3.2.2 Thermogravimetric Analysis (TGA)  

A TGA/Differential Scanning Calorimetry (DSC)1 Star System model (Mettler Toledo Ltd, 

Leicester, UK) with 0.1 μg balance sensitivity was used for TGA analysis. Approximately 10 

mg of each sample was placed in aluminium oxide crucibles, inserted into the TGA furnace 

and heated at a rate of 20°C/min under Argon gas (flowrate of 50cm3/min). Temperature 

intervals for analysis were taken from Trevathan-Tackett et al., (2015): temperature interval 1 

(TI1: 180°C-300°C) accounted for proteins and soluble carbohydrates; TI2 (300°C-400°C) 

included lipids and insoluble polysaccharides; TI3 (400°C -600°C) included insoluble 

polysaccharide residues and; TI4 (600°C- 800°C) accounted for the remaining inorganics and 

residual organics. Total mass loss (TItotal) across the whole temperature range was also 

calculated. 

 

3.2.3 Statistical Analysis 

Percentage loss of mass for each temperature interval was analysed using a three factor 

permutational ANOVA (PERMANOVA) with species (11 levels), tissue (3 levels: holdfast, 

stipe and lamina) and temperature (4 levels: TI1, TI2, TI3, TI4) all considered fixed factors. Data 

was square root transformed before a similarity matrix was created using Euclidian distance. 

A univariate and multivariate PERMANOVA was performed with significance based on 9,999 

permutations under a reduced model. Post-hoc pair-wise tests were used to determine 

significance between and within treatment levels. For the fucoids, which had the additional 

receptacle tissue, the same statistical model was used on this group only and with the factor 

tissue (4 levels: holdfast, stipe, lamina and receptacle). For TItotal the same statistical model was 

applied: 1) with all species and three tissue types; and; 2) fucoids with added receptacle tissue. 

Finally, a Canonical Analysis of Principal coordinates (CAP) analysis was conducted to 

establish whether the temperature intervals correlated with different tissue types and species. 

CAP analysis was performed separately on kelp and fucoids as results from the univariate 

analysis showed total loss and rate of mass change was different between these groups. All 

analyses were performed in PRIMER 6 with PERMANOVA add-on (PRIMER-E, UK). 
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3.3 Results 

 

In the combined (kelp and fucoid) and fucoid only (including receptacles) analyses there 

were significant interactions between species, tissue type and temperature (Combined: 

Pseudo-F60,528=7.7203, p=0.0001; fucoid only: Pseudo-F27,256=15.181, p=0.0001; Appendix: 

Table 3.10; Table 3.1 – 3.5).  

 

For all species, the majority of mass was lost during TI1 and TI2 (Figure 3.3), but there were 

differences between tissue types and species. For example, most species lost between 24% and 

30% of lamina mass in TI1, however, U. pinnatifida and S. polyschides only lost 18% and 20%, 

respectively. For U. pinnatifida, this mass loss was significantly lower than for all other 

species. Within TI2, most species generally lost between 13% and 17% of lamina tissue, 

although L. digitata, S. latissimi, and L. hyperborea lost slightly more (18-20%) (Figure 3.3).  

For stipes, L. digitata (mean 29.8% ± 0.7% 95% confidence interval (CI)) and A. esculenta 

(28.5% ± 1.0% 95% CI) lost significantly more mass at TI1 compared to all other species, 

which lost 20 -25%. For nearly all species, mass loss of stipes in TI2 was similar (between 10% 

and 14%), with the exception of A. nodosum which had significantly higher mass loss (mean 

18% ±0.7% 95% CI). The highest holdfast mass loss at  TI1 was for A. nodosum, F. vesiculosus, 

F. serratus and S. polyschides which lost 27% – 30%, while U. pinnatifida and A. esculenta 

lost the least (13% and 14% respectively) (Figure 3.3 G). All other species lost between 16-

22% of holdfast mass at TI1. Holdfast mass loss at TI2 was similar for all species (between 10% 

and 13%). Differences in mass loss between species was also observed for fucoid receptacles 

(Figure 3.3 D & H). F. serratus exhibited the highest mass loss over TI1 and TI2 (total of 

39.2%) and this was significantly higher than seen in F. vesiculosus and A. nodosum, but not 

H. elongata.  

 

For all tissue types, the was a gradual loss of mass in TI3 and TIIN, with some exceptions and 

differences present. In TI3, at around 480°C, a peak in mass change was observed for three 

species, H. elongata, U. pinnatifida and A. esculenta across all tissue types (Figure 3.3). F   or 

H. elongata, this loss was particularly high for the stipe (15.9%±1.7% 95% CI). Additionally, 

A. nodosum and S. polyschides experienced a peak in holdfast mass loss at TI3 with these 

species losing 12% – 14%. At the final temperature interval, TIIN, all four fucoid species 

experienced peaks in mass change from ~650°C onwards for all tissue types, but this was most 
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prominent for the stipe and holdfast (Figure 3.3 F & G). Fucoids stipes lost significantly more 

mass (between 8% and 12%) than the kelp stipes (between 4% and 7%). While the fucoids had 

the highest holdfast mass change, all other species also exhibited a peak in TIIN except for S. 

polyschides and U. pinnatifida (Figure 3.3), where only 5.1%±0.8% and 5.4%±1.2% 

(mean±95% CI) was lost respectively. This was significantly lower than for the majority of 

other species. The highest mass loss was exhibited in H. elongata holdfast where significantly 

more mass (mean 14%±2.4% ±95% CI) was lost compared to the majority of other species. 

Between 7% and 12% of holdfast mass was lost for all other species at TIIN. At TI3, at around 

480°C, both H. elongata and A. nodosum exhibited a similar peak in receptacle mass change 

and lost significantly more mass (10.4%±0.5% 95% CI and mean 10.2%±1.4% 95% CI) than 

F. vesiculosus and F. serratus which lost ~8% of their mass. Within TIIN, all fucoid species 

exhibited a peak in mass loss of receptacles from 700°C onwards. This was greatest for A. 

nodosum, F. vesiculosus and F. serratus (~9-10% of total mass), while H. elongata lost 

significantly less (mean 6.9%± 0.3% 95% CI). 

 

Although all tissues lost more mass at the lower temperature intervals, the amount of mass lost 

varied significantly between tissue types (Appendix: Table 3.2 and Table 3.10). For the 

majority of species, the lamina lost significantly more mass during TI1 and TI2, whilst the 

holdfast lost the least. Exceptions to this was S. polyschides, which lost significantly more 

holdfast tissue at TI1 (mean 30.5 ± 5.0% ±95% CI) compared to its other tissue types. 

Differences in mass loss for A. nodosum, F. vesiculosus and F. serratus at TI1 was minimal 

between tissue types (~25-27%), with the exception of receptacles which only lost 17% - 24%. 

At TI2, H. elongata had similar mass loss across all tissue types (~13-14%), while A. nodosum 

stipes (18.1%±0.7% 95% CI) lost significantly more than the holdfast (12.6% ± 0.7% 95% CI) 

and receptacles ( 10.7% ± 0.9% 95% CI). The receptacles of both A. nodosum and F. 

vesiculosus lost significantly less mass (~11%) at TI2 than their other tissue types.  At TI3 and 

particularly at TIIN the holdfast lost significantly more mass than the lamina, with some 

exceptions. At TI3 mass loss of L. digitata and L. hyperborea was similar (~8%) across tissues, 

whereas in H. elongata stipe loss was 15.9% ±1.7% (mean ±95%CI), significantly more than 

its other tissue types. In F. vesiculosus and F. serratus, the lamina lost significantly more mass 

(~10%) at TI3. Finally, within TIIN,  F. vesiculosus and F. serratus lamina tissue loss was 

significantly lower than for their other tissue types, and H. elongata holdfast tissue loss was 

significantly higher (14.0% ± 2.4% 95% CI) than for its other tissue types.  
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Figure 3.3 Mean mass retained (%) (A – D) and the rate of mass change (% per °C) (E – H), for lamina (A & E), stipe (B & F), holdfast (C & G) and receptacles (D & H) based on thermogravimetric analysis.  

Bold lines represent mean values from n=5 individuals with coloured shading representing 95% confidence intervals. 
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When comparing total mass loss for the combined (kelp and fucoid) and fucoid only (including 

receptacles) analyses, there was a significant interaction between species and tissues 

(Combined: Pseudo-F20,132=8.5884, p=0.0001; fucoid only: Pseudo-F9,64=9.1455, p=0.0001; 

Appendix: Table 3.6 – 3.7).  There was a greater variation between the total mass lost across 

tissues for the kelps compared to the fucoids (Figure 3.4). In general, laminas lost more mass 

than stipes and holdfasts, with this difference significant for most species. The exceptions to 

this were S. polyschides and A. nodosum where the holdfast lost significantly more mass than 

the lamina, and in the case of S. polyschides, lost more mass than the stipe as well. For A. 

esculenta and H. elongata the stipe lost significantly more mass than the holdfast and lamina.  

Total lamina mass loss broadly split species into two groups U. pinnatifida and S. polyschides 

lost ~46% of total mass while A. nodosum, F. vesiculosus, F. serratus, L. digitata and L. 

hyperborea lost significantly more (60%-64%) (Figure 3.4). For the stipe U. pinnatifida and 

S. polyschides lost ~42% of their starting mass with A. nodosum, F. vesiculosus, F. serratus, 

H. elongata and A. esculenta again losing significantly more mass (60% – 63%). The remaining 

species were between these two extremes. The species that lost the most mass from the holdfast 

were S. polyschides, A. nodosum, F. vesiculosus, F. serratus and H. elongata (56% - 62%), 

which was significantly higher than for all species except L. digitata. The species with the 

lowest total mass loss in holdfast was U. pinnatifida (mean 39.1%±3.5% 95%CI), which was 

significantly lower than all other species except L. hyperborea. The remaining species had 

similar total mass loss of ~44 – 52%. A. nodosum and F. vesiculosus had the lowest total 

receptacle mass loss (47.6 %± 2.5% 95%CI and 49.6%±5.4% 95% CI respectively), while F. 

serratus (57.5%±2.9 95% CI) had the highest total mass loss.  

 

Multivariate analysis of the kelp species found a significant interaction between species and 

tissue type (F12, 84 = 6.0016, p = 0.0001; Appendix: Table 3.8 - 3.9).  Within the holdfast and 

lamina tissue, L. digitata was significantly different from L. hyperborea and S. latissima. 

Within the stipe tissue, S. polyschides was significantly different from L. hyperborea, S. 

latissimi, L. ochroleuca, and U. pinnatifida, whereas in the lamina tissue S. polyschides was 

significant different from L. ochroleuca and U. pinnatifida only. For all species except for S. 

polyschides, the holdfast, stipe and lamina were significantly different from each other. For S. 

polyschides. the holdfast was significantly different from the blade and stipe, which were not 

different from each other. The CAP analysis found the higher temperature intervals  (TI3 and 

TIN) were strongly correlated with kelp holdfasts, while kelp laminas were correlated with TI2 

(Figure 3.5 A). 
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 Figure 3.4 Total mean mass loss between different species and tissue types. Error bars represent 95% confidence intervals.  
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Figure 3.5 Canonical analysis of Principle Coordinates (CAP) for a) kelp and b) fucoids. Vectors represent the direction and strength of multiple Pearson correlations between 

thermogravimetric analysis temperature intervals: TI1(180°C-300°C), TI2 (300°C - 400°C), TI3 (400°C - 600°C) and TIN (600°C - 800°C). Outer circle represents a correlation of 1. 

A B 

tacle 



62 
 

 

For the fucoids there was a significant interaction between species and tissue (F9, 64 = 13.313, 

p = 0.0001; Appendix: Table 3.8 - 3.9). Generally, all tissues were found to be significantly 

different between species. Within species, the majority of tissues were significantly different 

from each other, with some exceptions. In A. nodosum the stipe was significantly different from 

the lamina, but not the holdfast and receptacles. In F. serratus receptacles were significantly 

different from the holdfast and stipe, but not the lamina.  Finally, in F. vesiculosus the holdfast 

was significantly different from the stipe, but similar to all other tissue types. Similar to kelp, 

the CAP analysis indicated that lamina tissue was correlated with TI2. In contrast to kelp, the 

holdfast and stipe were more strongly correlated with TI1, although as with kelp there was a 

correlation with TI3, although it was weaker than that observed for kelp. Receptacle tissue was 

not correlated with any temperature interval (Figure 3.5 B). 
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3.4 Discussion 

 

This study found significant differences in thermal stability between species and tissue type. 

Thermogravimetric mass loss was highest in TI1 and TI2, which is similar to what was observed 

by Trevathan-Tackett et al., (2015) who used similar methods to investigate the thermal 

stability of algal holdfast and blade tissue. 

 

3.4.1 Tissue Variability 

While all tissues within this study lost most mass at the lower temperatures, there was a 

significant difference in thermal stability between tissue types. The cell wall is responsible for 

the rate of degradability of detrital matter. Within brown algae, the cell wall is made up of a 

microfibrillar skeletal matrix comprised of the polysaccharides: alginate, laminarin and 

fucoidan (Guedes et al., 2019).  Half of this matrix contain cellulose fibres which lie parallel 

to the cell wall and form the main structural component (Davis et al., 2003). Fatty acids and 

proteins occur within the phospholipid cell membrane layer, situated adjacent to the cell wall. 

Within tissue comparison revealed that generally, holdfasts lost the least amount of mass at the 

lower temperature intervals (TI1 and TI2), while the lamina lost the most. This trend was 

strongest within the kelp species, especially within TI1 where lamina tissue lost significantly 

more mass compared to the holdfast. The lower mass loss at TI1 and TI2 of the holdfast in 

relation to the lamina and stipe could be due to variability in the number of polysaccharides 

present within the cell wall. Alginate is a polysaccharide occurring within the skeletal matrix. 

Alginic acid has a peak mass loss at 225°C (Anastasakis et al., 2011) and increases flexibility 

in tissues (Phillips et al., 2006). As lamina and stipe tissues need to be able to flex with currents 

to reduce drag and therefore reduce the risk of dislodgement (Denny & Gaylord, 2002), they 

are likely to contain more alginate than holdfasts (Kelly & Brown, 2000; Westermeier et al., 

2012). In addition, lamina tissue contain a higher proportion of lipids, in the form of fatty acids, 

(Barbosa et al., 2020; Schmid & Stengel, 2015) and carbohydrates (Westermeier et al., 2012), 

likely contributing to the high mass loss in lamina at lower temperatures. 

 

At the higher temperatures (TIIN) for all but one species, the holdfast lost the most mass and 

the lamina the least. The TItotal supported this pattern of holdfasts having significantly more 

refractory compounds, particularly in kelp species (except for S. polyschides). The larger mass 

loss at TIIN and the greater retention of mass in the holdfast relative to the lamina and stipe 
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suggests a greater amount of inorganic and refractory compounds. The inorganic compound 

CaCl2 could be partially responsible for this difference. CaCl2 is found within holdfast tissues 

(Bitton et al., 2006) and is responsible for binding the holdfast to the substrate. This pattern of 

holdfasts having more refractory compounds was also observed in fucoids, but not 

Laminariales in Trevathan-Tackett et al., 2015. This was attributed to a greater proportion of 

xylogalactofucan fucoidan within fucoid species. For the fucoids, mass loss at TItotal was 

relatively similar across all tissues, with the exception of receptacles in particularly A. nodosum 

and F. vesiculosus, which lost the least mass, indicating a higher proportion of refractory and 

non-labile compounds present.  

 

There was significant variation between species for all tissue types and temperature intervals, 

A second peak was observed within TI2 just after 300°C in the lamina tissue for L. digitata, S. 

latissima, and L. hyperborea. Mannitol and laminarin are stored carbohydrates in brown algae, 

utilised for energy during the growing season, with a peak mass loss at 340°C (Anastasakis et 

al., 2011). These three kelp species were collected in August when mannitol and laminarin are 

found to be high (Adams et al., 2011; Schiener et al., 2015), therefore this secondary peak could 

be due to the time of collection. This peak was not observed for S. polyschides (also collected 

in August), possibly due to the absence of laminarin in this species, with mannitol found to 

peak later on in the year (Jensen et al., 1985).  The fucoids had the highest mass loss in the 

temperature interval 600°C -800°C, which may be a function of these species all being 

intertidal, and therefore vulnerable to desiccation. It has been suggested that the presence of 

xylogalactofucan fucoidan, which is known to reduce desiccation stress, may be responsible 

for this peak of mass loss (Trevathan-Tackett et al., 2015). While this certainly is likely for 

some of the mass loss observed in TIN, xylogalactofucan fucoidan mass loss peaks at 710°C 

(Anastasakis et al., 2011), suggesting other compounds were lost at higher temperatures. 

Polyphenols are antioxidant compounds and are used in brown algae to protect against 

herbivory (Van-Alstyne, 1988), UV radiation (Hwang et al., 2006), and prevent degradation 

(Moen et al., 1997). Polyphenols have been found to undergo pyrolysis at temperatures of 

450°C – 770°C (van-Heemst et al., 1996; Ross et al., 2008). As polyphenol concentration is 

higher in fucoids than kelps (Van-Alstyne et al., 1999), this could be responsible for the 

differences between these groups at the higher temperatures.  
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3.4.2 Blue Carbon Potential  

The greatest mass loss for all species and tissue types was at the lower temperatures (TI1 and 

TI2). Despite this, between ~30-50% of mass was still remaining at the end (800°C) suggesting 

that fucoids and kelps possess a significant proportion of refactory material which has the 

potential to be sequested. This remaining total mass is similar to that reported in vascular plants 

(between ~25 - 75% mass remaining) in Trevathan-Tackett et al., 2015 and of tree species 

where 30% mass remains at 700°C (Slopieka et al., 2012). Kelp and fucoids release detrital 

matter via three pathways; 1) erosion or breakage of distal ends; 2) seasonal loss of material 

e.g. receptacles in fucoids, old growth collars in L. hyperborea and senescence of annual and 

pseudo-annual species; and 3) whole plant dislodgement. In both groups the lamina contributes 

the most to detritus (Krumhansl & Scheibling, 2012; McKenzie & Bellgrove, 2009; 

Pessarrodona et al., 2018) through the continuous erosion of distal ends (kelps) and breakage 

of fronds (fucoids), and in the case of L. hyperborea via seasonal release e.g. spring casts. In 

comparison, holdfasts contribute a smaller amount to detrital biomass due to; 1) only being 

released through whole plant dislodgement; and 2) generally contributing less to total plant 

biomass than the stipe and lamina (Pedersen et al., 2012). This study suggests that for kelps in 

particular, that the holdfast contains more refractory compounds than the lamina, suggesting 

the holdfast has a greater potential for sequestration in off-shore and deep sea sediments. Both 

lamina and holdfast tissues have been found in offshore sediments (Filbee-Dexter et al., 2018; 

Kokubu et al., 2019; Vettor & Drayton, 1999). However, in Vettor & Drayton (1999) holdfasts 

were observed in the deeper regions of submarine canyons when lamina tissue was not (Vettor 

& Drayton, 1999).  In fucoid species the receptacle tissue contained a higher proportion of 

refractory compounds. Fucoid receptacles can make up to 50% of total ‘plant’ biomass (Åberg, 

1996; Brenchley et al., 1996; Josselyn & Mathieson, 1978; Mathieson & Guo, 1992) and their 

seasonal release results in a significant pulse of detrital material in the environment (Josselyn 

& Mathieson, 1978) with 140 - 500g dry wt m-2 of receptacle material released per year (lower 

estimate; Chapter 1 and higher estimate; Josselyn & Mathieson, 1978). While it is likely that 

the other fucoid tissues will contribute to carbon sequestration, it is more likely based on these 

findings that receptacles could be the most important contributor. 

 

Total mass loss was lowest in U. pinnatifida, with ≤46% of mass lost for all tissue types, 

indicating a high proportion of refractory compounds. U. pinnatifida is native to Asia, and 
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highly farmed as a food product in China, Japan and South Korea, accounting for ~10% of 

global aquaculture production (Buschmann et al., 2017), with 2,359 t per year farmed (FAO, 

2016) worldwide. Estimates for whole-thalli dislodgement of kelp aquaculture (typically 

grown on ropes) are not frequently monitored, however one study has suggested 41-43% loss 

of Ecklonia spp. (Chung et al., 2013), suggesting this species could be an important blue carbon 

donor. U. pinnatifida samples were, however, collected in November, at the end of this species 

growing season (Epstein & Smale, 2018). As a result, carbohydrates including mannitol and 

laminarin used for growth are likely to have been utilised. This is reflected within 

thermogravimetric signatures where U. pinnatifida exhibited the lowest peaks and mass loss in 

both TI1 and TI2 where carbohydrates are typically released. As a result, comparisons with the 

other species, which were collected in the summer, may be inappropriate and highlights the 

importance of replicating this research to capture different growth periods. 

 

Krause-Jensen and Duarte, (2016) estimated that 55 Tg C yr–1 of detrital biomass is exported 

and sequestered in offshore and deep sea sediments from macroalgal beds. However, this 

estimate does not consider any difference in the refractory abilities between detrital tissue 

types. Though all tissues are likely to contribute towards carbon sequestration, based on the 

findings of this study, holdfast and receptacle tissues contain the most refractory compounds 

and therefore are likely to hold the greatest potential of all tissues in contributing towards 

carbon sequestration. However, it should be noted that as the holdfast makes up a smaller 

proportion of the detrital biomass, and receptacle release occurs as singular pulse events, it is 

likely that the amount of detrital material successfully sequestered will be less than estimated 

(Krause-Jensen & Duarte, 2016). 

 

This study demonstrates that macroalgae contain a significant proportion of refractory material 

and therefore there is significant potential for material to be transported to offshore and deep 

sea environments for burial in sediments. This study also shows that different tissues contain 

different amounts of refractory material meaning that some tissues are more likely to persist 

through transit from macroalgal donor sites to offshore sequestration sites. Moreover, this study 

indicates that the amount of refractory material may differ seasonally, highlighted by the low 

total mass loss in U. pinnatifida, which was collected at a different time to the other species. 

Detrital release is greatest during storm events (Filbee-Dexter & Scheibling, 2012), which 

occur more frequent during the winter months (Wolf et al., 2020; Sibley et al., 2015). Detritus 

released in winter could contain more refractory material as this is when carbohydrates (less 
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refractory) such as mannitol and laminarin are at their lowest (Schiener et al., 2015). 

Investigating in a more structured way the effects of seasonality on the blue-carbon potential 

of marine macrophytes is an important next step. Irrespective, this study suggests that marine 

macrophytes should be considered as blue carbon habitats and given their spatial distribution 

have the potential to make a significant contribution to carbon sequestration.   
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Chapter 4  

Quantification of intertidal brown macroalgal areal extent using 

UAV and satellite imagery.  

 

4.1  Introduction 

 

Large canopy-forming macroalgae (e.g. kelps and fucoids) provide key ecosystem services 

which include supporting high levels of biodiversity, providing suitable nursery habitats for 

commercially important fish and crustaceans (Lilley & Schiel, 2006; Teagle et al., 2017) and 

providing natural coastal defenses from storm surges (Duarte et al., 2013). More recently, their 

role as a blue carbon donor habitat has gained recognition (Filbee-Dexter & Scheibling, 2012; 

Krumhansl & Scheibling, 2011; Krumhansl & Scheibling, 2012; Pessarrodona et al., 2019). 

Their blue carbon role stems from the large amounts of detrital material they produce (Krause-

Jensen & Duarte, 2016; Krause-Jensen et al., 2018; Smale et al., 2018; Chapter 1) which can 

be exported to deep sea and offshore environments where the carbon can be sequestered (Hill 

et al., 2015; Krause-Jensen & Duarte, 2016; Smale et al., 2018). Within temperate regions the 

Laminariales and fucoids are considered more likely to act as carbon donors, due to their high 

productivity and large detrital production (Hill et al., 2015). A key limitation for determining 

the true potential of canopy-forming macroalgae as blue carbon donors is obtaining accurate 

large-scale area estimates of macroalgae coverage (Hill et al., 2015; Krause-Jensen et al., 2018; 

Smale et al., 2013). While it has been suggested that future research should focus on 

establishing the quantity of detritus that is successfully sequestered within offshore and deep 

sea sediments (Krause-Jensen et al., 2018; Hill et al., 2015), the amount of detritus being 

released into the marine environment must also be realised. This can only be determined by 

having an accurate estimate of macroalgal spatial extent. 

 

Studies which have previously estimated the areal extent of macroalgae have generally used 

environmental variables to determine habitat suitability (Burrows, 2012; Duarte & Cebrián, 

1996; Duarte et al., 2005; Charpy-Roubaud & Sournia, 1990; Gattuso et al., 2006; Hill et al., 

2015; Krause-Jensen & Duarte, 2016; Yesson et al., 2015). These estimates assume that 

favourable environmental conditions for macroalgae (i.e. habitat suitability) equals macroalgal 
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presence, and therefore areal extent. These large-scale area estimates vary in the number of 

environmental variables used and the spatial resolution of datasets. In both Charpy-Roubaud 

& Sournia, 1990 and Gattuso et al., 2006 the photic zone was the only variable to be used for 

a global estimate of macroalgal coverage. More complex national-scale estimate of macroalgae 

within the UK have used a greater number of environmental datasets (Burrows, 2012; Yesson 

et al., 2015). However, even with a large number of environmental variables, estimates were 

likely constrained by spatial resolution of the environmental datasets (e.g. 3 km2) which are 

larger than the fine-scale environmental changes that influence species presence or absence 

(e.g. desiccation stress changing at the scale of metres) (Yesson et al., 2015).  

 

The development of remote sensing applications has allowed mapping of habitats to become 

more accurate, time efficient and cost effective (Kobryn et al., 2013; Klemas, 2001). Remote 

sensing allows the spectral reflectance of an area to be captured using sensors. Photosynthetic 

pigments within vegetation are responsible for determining the wavelengths which are either 

absorbed or reflected due to their primary role in photosynthesis (Artiola et al., 2004).  As these 

pigments can vary between vegetative groups and classes, the type and amount of wavelength 

reflected allow spectral signatures, specific to vegetation, to be identified in imagery captured 

(Andréfoueet et al., 2003; Rock et al., 1988). Within the marine environment, the application 

of remote sensing techniques has primarily been utilized in the tropics on seagrass, mangroves, 

and coral reef habitats (Chauvaud et al., 1998; Garza-Pérez et al., 2004; Mishra et al., 2006; 

Mumby et al., 1997). With the exception of canopy algae such as Macrocystis pyrifera and 

Nereocystis luetkeana, which sit on the surface of the sea, few studies have attempted to 

estimate macroalgal areal extent using remote sensing (but see Anderson et al., 2007; Brodie 

et al., 2018; Casal et al., 2011; Simms & Dubois, 2001; Rossiter et al., 2020 Uhl et al., 2016; 

Wouthuyzen et al., 2016 of intertidal and submerged macroalgae). The use of remote sensing 

for stipitate and prostrate (e.g. Laminaria spp, Lessonia trabeculata, Saccharina latissima) is 

challenging, as the turbidity of water disrupts the reflectance signal of vegetation below the 

water surface (Ruddick et al., 2016), though techniques to deal with this issue are being 

developed (Uhl et al., 2016). However, for intertidal species, which are exposed during low 

tide, remote imagery techniques are much more viable. 

 

The most common method of habitat classification uses supervised and unsupervised 

classification methods to detect and group vegetation classes using different spectral 

reflectance patterns within the imagery (Casal et al., 2011; Chauvaud et al., 1998; Mishra et 



70 
 

al., 2006; Mumby et al., 1997; Rossiter et al., 2020). As well as these methods, the use of 

indices can identify a specific type of species or group of species. Common marine algal indices 

include the floating algae index (FAI) (Hu, 2009) which works well for floating green algae, 

and the seaweed enhancing index (SEI) which has been applied to all groups of algae (red, 

green and brown), both floating and attached (Siddiqui et al., 2019). A unique threshold level 

can also be adopted to identify algae using a more generalized index such as normalized 

difference vegetation index (NDVI) (Cui et al., 2018). The advantage of using indices is their 

ability to identify one vegetative group of interest and ignore other vegetative groups (i.e. 

classification methods) thereby reducing margins for error by their specificity. Habitat 

classification accuracy for marine environments has been linked with resolution, where 

generally, the greater the resolution (i.e. the smaller the pixel size) the more accurate the 

classification results (Anderson et al., 2007; Brodie et al., 2018; Cui et al., 2018; Mumby et al., 

1997), and therefore consequently the more accurate the estimate of areal extent for that habitat.  

 

Aside from the obvious variations in sensor construction or design, spatial resolution of 

imagery is primarily determined by the altitude at which the images are taken. A popular 

approach to collecting imagery are unmanned aerial vehicles (UAVs). UAVs can support a 

multitude of sensor types, with spatial resolutions well below 1m ground sampling distance 

(GSD). However, UAV’s are generally unsuited for covering large areas in one flight due to 

constraints in battery power, and they are also heavily reliant on climatic conditions for image 

capture. In contrast, satellite imagery can cover large areas, collecting imagery across the globe 

in a single day with regular resampling, and the data is often freely available for both 

commercial and research purposes. These advantages are offset by the spatial resolution of 

satellite imagery varying from 10-60 m and therefore reducing the accuracy of estimates of 

spatial extent (Anderson et al., 2007). Higher resolution satellite imagery is available (highest 

available from the WorldView-3 satellite with a resolution of 1.24 m) but as a result, this type 

of satellite imagery is not freely available and is expensive to purchase. Satellite derived 

imagery is also affected by climatic conditions, with cloud obscuration being a considerable 

hindrance.  

 

The majority of studies combining coarser (e.g. from satellites) and finer resolution imagery 

within marine environments have compared classification results across the two types of 

imagery (Brodie et al., 2018). In Kotta et al., 2018 a strong relationship was found between 
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the cover of algae (determined through quadrat data) and reflectance values from satellite 

imagery. This strong relationship was specifically for green algae, and less so for brown 

algae, possibly due to the use of single reflectance bands from satellite imagery. A more 

developed study by Cui et al., (2018) detected areas of floating green algal blooms by using 

high resolution imagery to correct satellite imagery through the application of a statistical 

regression model. In effect, this correction technique enabled a similar level of accuracy 

between the coarser resolution satellite imagery and the higher resolution imagery when 

estimating green algal areal extent, therefore removing one of the major disadvantages of 

using satellite imagery. Despite these promising results from Cui et al., (2018), the potential 

for utilising a corrective predictive model has not been developed for other groups of algae or 

used in other regional contexts. 

Within the north east Atlantic the three most common intertidal macroalgal species are the 

fucoids: Ascophyllum nodosum, Fucus vesiculosus and F. serratus. This study aimed to 

estimate the combined areal extent of these three species within Wales, UK using a 

combination of high-resolution UAV imagery and low-resolution satellite imagery, and from 

this calculate standing stock estimates. This was achieved by; 1) for the first time creating an 

index that was able to distinguish brown macroalgae from other algal groups and substrates 

using UAV imagery; 2) using this index to predict an estimate of intertidal brown macroalgal 

spatial extent in Wales using a combination of satellite and UAV imagery; and 3) using the 

estimated spatial extent to provide an estimate of dry weight biomass (tonnes) and carbon 

standing stock (tonnes C) for intertidal fucoids in Wales.    
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4.2 Methodology 

 

4.2.1 UAV Imagery Collection and Processing  

 

 UAV flights were conducted on three mid Wales rocky shores (College Rocks, north 

Aberwennol and south Aberwennol) (Figure 4.1 A). These sites were chosen as they supported 

different algal coverage and species. College Rocks was visually estimated to have >80% algal 

Figure 4.1 Location of Wales within the UK highlighted in red, with black point showing location of 

unmanned aerial vehicles (UAV) imagery with more specific locations in subset A. Aerial imagery 

used for validation throughout Wales is denoted in subset B. Each number represents a shore where 

aerial imagery was collected from.  
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coverage of F. vesiculosus, A. nodosum and F. serratus. Whilst both Aberwennol sites were 

estimated to have sparse to superabundant (0-80%) algal coverage of F. vesiculosus and F. 

serratus. A. nodosum was rarely present within the Aberwennol sites. 

 

A DJI Phantom 3 pro UAV (DJI, China), with a Parrot® sequoia multispectral camera (Parrot®, 

France) (1 x RGB sensor and 4 x individuals bands; Green (G), Red (R), Red Edge (RE), Near 

Infrared (NIR)) was used to carry out the flights. Sites were flown at an altitude of 10 m, with 

a 75% overlap, speed of 2 m/s and image capture time-lapse set to 1 s. PIX4D capture (Pix4D, 

Switzerland) was used for flight planning. Due to the battery time of DJI Phantom pro not being 

enough to capture the entire rocky shore area in one mission, three missions were required for 

College Rocks and north Aberwennol, whilst two missions were required for south 

Aberwennol. For each site, the images from multiple missions were merged into one for 

processing.  

 

Image stitching was undertaken using Pix4Dmapper (Pix4D, Lausanne, Switzerland), which is 

based upon Structure from Motion (SFM) algorithms. Processing steps included; (1) initial 

processing (keypoint extraction, keypoint matching, camera model optimisation, and GPS 

geolocation); (2) point cloud construction (point densification) and; (3) Digital Surface Model 

(DSM), orthomosaic, reflectance map and index construction. In order to ensure precise 

overlay of UAV and Sentinal-2A outputs, differential- GPS (D-GPS) correction using ground 

control points (GCPs) was applied after the initial processing step of each image stitch. Up to 

10 points were collected at each site using a Leica CS25 high-accuracy tablet computer with 

Leica AS10 geodetic antenna on a GNSS PRO 1000 pole (Leica Geosystems, Switzerland), as 

well as Trimble Geo7X series (Trimble Inc, California). Points were post processed to increase 

accuracy to ~30cm. 

 

The main outputs required for this study were 5 x reflectance maps (one for each spectral band 

- G, R, RE, NIR and one for the combined RGB sensor). The reflectance map represents a 

calibrated form of the orthomosaic, where the value of each pixel is adjusted to faithfully 

indicate the reflectance of the object. This calibration was achieved through using camera 

information (vignetting, dark current ISO etc.), and irradiance data from the DLS, as well as 

the calibration panel. At south Aberwennol, the total area covered by the final stitch of all 

multispectral bands was 0.60 ha, with a GSD of 1.32 cm. For the RGB maps, the total area was 

0.47 ha and GSD 0.34 cm. At north Aberwennol, for all multispectral bands, the total area 
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covered was 1.24 ha, and the GSD 1.15 cm. For the RGB sensor map the total area was 1.10 

ha and the GSD 0.30 cm. At College Rocks, for all multispectral bands, the total area covered 

was 1.07 ha, and the GSD 1.13 cm. For the RGB sensor, the total area covered was 0.85 ha and 

the GSD was 0.29 cm. The coordinate reference system (CRS) for all outputs was WGS 84 / 

UTM zone 30N. 

 

 

4.2.2 Satellite imagery Collection and Processing 

To acquire multispectral imagery capturing the full coverage of the coastline in Wales, satellite 

imagery from Sentinel-2 Level-1C (S2A) was used. S2A is developed by the European Space 

Figure 4.2 Six tiles from Sentinel-2 covering different portions of the Welsh coastline.  
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Agency (ESA) with tile sizes of 100x100 km frequently captured and freely available 

(https://scihub.copernicus.eu/dhus/#/home). S2A captures multispectral bands: Blue (B), G, R 

and NIR colour bands with a resolution of 100 m2 (10m GSD). This dataset contains modified 

Copernicus Sentinel data from 2019. Products acquired from ESA were atmospherically 

corrected using Sen2Cor v2.5.5, with additional processing from GDAL v2.4 and RSGISLib 

v3. 

 

S2A imagery is captured at ~11.30am (GMT+1) within the UK, with new imagery captured 

every three to four days. Due to regional differences  in the time when low tide occurs across 

Wales and to ensure minimum cloud coverage, two different dates of capture of S2A imagery 

was required to capture all regions at low tide. S2A imagery tiles 1, 2 and 3 were captured on 

27th June 2019 and S2A tiles 4, 5 and 6 captured on 5th May 2019 (Figure 4.2). The S2A tile 

codes within  Copernicus were labelled as follows; 1 - T30 UUE, 2 - T30UVE, 3 - T30UUD, 

4 - T30UVD, 5 - T30UUC and 6 - T30UVC. 

 

Intertidal areas within Wales were extracted from S2A imagery using the normalized difference 

water index (NDWI) and the vectorised Intertidal Phase1 Habitat Survey layer (Natural 

Resource Wales; https://lle.gov.wales/home?lang=en). The NDWI index (Equation 6) was 

applied to the low tide S2A imagery to mask out the ocean and determine the low intertidal 

region. Water was deemed as NDWI values >0. 

 

Equation 6 

𝑁𝐷𝑊𝐼 =  
𝐺𝑟𝑒𝑒𝑛 − 𝑁𝐼𝑅

𝐺𝑟𝑒𝑒𝑛 + 𝑁𝐼𝑅
  

 

Once water had been masked out, the high tide of the intertidal region was determined by using 

the Intertidal Phase 1 Habitat Survey vectorized layer. Once the intertidal region had been 

successfully extracted, the substrate layer within the Intertidal Phase 1 Habitat Survey was used 

to extract rocky shore habitats. Extracted rocky substrata included bedrock, boulder and large 

shingle substrata. Only rocky shores on the open coastline and not within estuaries were 

extracted.  
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4.2.3 Creation and application of brown algae index   

Using the multispectral bands from the processed UAV imagery, spectral curves were 

evaluated over different macroalgae and substrate types (Appendix: Section 4.1) to define a 

brown algae index (BAI) (Equation 7). A threshold value of 4.0 was derived, where values 

>4.0 were classified as brown macroalgae, and values <4.0 were classified as ‘other’ (other 

macroalgae and substrata). This threshold value was defined using a visual assessment of the 

index using the QGIS plugin profile tool.  

 

Equation 7                               𝐵𝐴𝐼 =  
𝑁𝐼𝑅

𝐺𝑟𝑒𝑒𝑛
 

In order to test the accuracy of the BAI, the index was applied to four 100 m2 areas for College 

Rocks and south Aberwennol using the processed UAV imagery. Due to the close proximity 

of the two Aberwennol sites, it was decided that only one was required to validate the index. 

South Aberwennol was chosen due to the greater range of different macroalgae and substrate 

types present. The percentage of brown algae identified by the BAI for each 100 m2 area were 

compared to the ‘true’ percentage coverage. True brown algae coverage was determined by 

manually digitizing brown algae using the RGB output of that same area.  Accuracy 

assessments were performed, where omission, commission and agreement areas were 

compared and used to calculate total accuracy (Equation 8), producers accuracy (Equation 

9), and users accuracy (Equation 10).  

 

Equation 8 

𝑇𝑜𝑡𝑎𝑙 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =  
𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡

𝑂𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝐶𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + 𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡
 ×  100 

 

Equation 9 

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑟𝑠 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =  
𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡

𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 + 𝑂𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
× 100 
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Equation 10 

𝑈𝑠𝑒𝑟𝑠 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) =  
𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡

𝐴𝑔𝑟𝑒𝑒𝑚𝑒𝑛𝑡 + 𝐶𝑜𝑚𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
× 100 

 

Agreement is the area that was determined as brown algae by both the index and the manual 

classification. Omission is where the BAI failed to identify brown algae where the manual 

classification did, and commission is where the BAI falsely identified brown algae, which was 

not present according to the manual classification. Once the BAI was successfully developed 

and assessed, the index was applied to all site imagery and vectorized.  

 

4.2.4 Combining UAV and S2A imagery  

Two regression models were created due to the two different dates of capture of S2A imagery. 

These regressions were calculated using 50% of the data with the other 50% used to validate 

the models (see below). A regression model was created by first clipping S2A imagery to north 

Aberwennol, south Aberwennol and College Rocks. The BAI equation was then performed on 

the clipped S2A imagery, providing a BAI value for each 100 m2 pixel. Finally, each S2A 100 

m2 pixel was assigned the percentage cover of brown algae determined from the classification 

of brown algae using the BAI in UAV imagery at all rocky shore sites. A regression was carried 

out between an accurate percentage cover of brown algae determined from the UAV imagery 

within the 100 m2 S2A pixel and the BAI value calculated from S2A imagery for that same 

pixel. The polynomial regression equation produced for both models was used to predict the 

percentage coverage of brown algae using the BAI value calculated from S2A.  

 

Validation of these models was performed in two ways. Firstly, fifty percent of the data not 

used to create the regression models was used to validate the model by testing the equations 

ability to predict percentage cover using S2A BAI values. This predicted percentage cover was 

compared against the ‘true’ percentage cover derived from the UAV maps. The root mean 

square error (RMSE) was calculated on the difference between the true percentage coverage 

and predicted percentage coverage.  
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The second validation occurred after the regression equation was applied to the extracted 

intertidal regions from S2A imagery across Wales. RGB aerial imagery of six natural rocky 

shores throughout Wales, captured in 2019, and provided by Ecostructure Project 

(http://www.ecostructureproject.eu) was used (Figure 4.1 B). A TopCon FaclonTM 8 

Octocopter with Sony A7R RGB camera was used to carry out the flights. Sites were flown at 

an altitude of 50m and had a horizontal overlap of 80%. Image stitching was undertaken using 

Agisoft Photoscan (Agisoft LLC, Russia). In order to ensure precise overlay of aerial imagery 

and Sentinal-2A outputs, differential- GPS (D-GPS) correction using ground control points 

(GCPs) was applied.  

 

 

Figure 4.3 Sites for estimating carbon standing stock in Wales, UK. Location A and B are the wave-exposure 

sites. In subsets, colour dots represent sites of different wave exposure: red - exposed, orange - moderately 

exposed; green – sheltered. 

http://www.ecostructureproject.eu/
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Aerial Photography Interpretation (API) was used to provide an estimate of the percentage 

cover of brown algae present for up to four S2A 100 m2 pixels at each of the six sites of rocky 

shore aerial imagery. This API percentage coverage estimate was compared to the predicted 

percentage coverage using the regression equation and difference calculated. 

 

4.2.5  Determination of brown algae biomass   

In April – May 2019, eight quadrats (0.25 m2) were randomly placed within the main canopy 

zone of F. serratus, F. vesiculosus and A. nodosum at each of six rocky shores in north Wales 

(Figure 4.3). The sites represented a wave exposure gradient with n=2 sites representing 

sheltered, moderately exposed and exposed shores. Density was quantified as the number of 

canopy-forming individuals within the quadrat. In ideal circumstances, individuals should be 

identified as a single stipe arising from a holdfast, to ensure individuals were genetically 

different (Malm & Kautsky, 2004). However, due to limited time resources, individuals were 

classed as all biomass arising from a single holdfast. Three of the largest canopy-forming 

individuals were removed and wet weight (WW) recorded using a spring scale (g). To convert 

WW to dry weight (DW), ten canopy forming individuals of each species were taken from 

College Rocks, weighed, and dried at 60°C for 72 hours. The amount of carbon was calculated 

using the conversion rate of 0.37 (Bordeyne et al., 2015; Ilvessalo & Tuomi, 1989; Wilson et 

al., 2015). As quadrats contained different algal percentage coverage, data was first 

standardized to 100% coverage of brown algae and then the quadrat was scaled-up (x 4.0) to 

provide an estimate per 1m2.  

 

The carbon standing stock (g C m-2) was calculated for each quadrat following Equation 11  

Equation 11 

SS = (�̅� ∗ 𝑑)𝑥 ∗ 𝑐 

 

where SS = standing stock, w̅ = mean weight of three individuals, d = density, x = WW:DW 

conversion rate, and c = carbon conversion rate. The mean SS was calculated from the eight 

quadrats. 

Dry weight (DW) biomass (g m-2) was calculated using Equation 12. 
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Equation 12  

DW = (�̅� ∗ 𝑑) ∗ 𝑥 

 

Preliminary assessment found that standing stock and therefore biomass did not vary between 

species, exposure, or site (Appendix: Table 4.1). Therefore, an overall mean of all quadrats 

was used to calculate carbon standing stock (g C m-2) and DW biomass (g m-2) of brown 

macroalgae. 

 

4.2.6 Statistical analysis 

QGIS (vers 3.4.15) was used for all imagery after pre-processing of UAV and S2A imagery.  

Regressions were analyzed using R (vers 1.25033). Though both variables were strictly 

classified as ‘dependent’, we were unable to identify model II software available for 

regressions which are not linear. Therefore, the BAI values taken from Sentinel-2 were 

considered independent, and standard model I regression was used in R. As a polynomial 

regression was used, collinearity was present between the two variables. In order to avoid this 

collinearity, the independent variable was re-centered. Independent variables produced by S2A 

which were lower than those used to produce the regression analysis were automatically 

classified as having 0% brown algae, while those higher were classified as having 100% brown 

algae coverage. Normality of data was assessed using Q-Q plots of residuals and histogram 

plots produced by R.  

 

Due to partial cloud obscuration in imagery within tile 5 and 6, approximately 1.2 km2 of rocky 

shore was masked out. Polynomial regression A (based on S2A data captured on the 5th May 

2019) applied to tile 1, 2 and 3 and polynomial regression B (based on S2A data captured on 

the 27th June 2019) equation was applied to tile 4, 5 and 6.  
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4.3  Results 

4.3.1 Identification and accuracy of brown algal index  

College Rocks had a higher total accuracy than south Aberwennol (89.0% and 70.4% 

respectively) (Table 4.1). Both the user and producer accuracy were high (>80%) for both 

sites, although again accuracies for College Rocks was higher (>90%) (Table 4.1). Overall, 

the average accuracy assessment of both sites found that the BAI total accuracy was 79.7%, 

and producer and user accuracy >85%, therefore this index was deemed suitable for detecting 

brown algae. 

 

 

4.3.2 Regression models 

Regression A data was found to be normally distributed, while regression B data was not 

(Appendix: Figure 4.2). Transformation did not improve normality and non-parametric 

alternatives were not found for polynomial regressions. Results of regression B should 

therefore be interpreted with caution. Irrespective, there was a strong significant (Table 4.2: 

Regression A: R2 0.88, P<0.001; Regression B: R2 0.81, P<0.001) polynomial relationship 

found between S2A BAI values and the corresponding percentage cover of brown algae for 

each S2A pixel derived from UAV imagery for both regressions (Figure 4.4). 

 

 

 

 

Table 4.1 Producer, user, and total accuracy (%) assessments of BAI within UAV imagery of south 

Aberwennol and College Rocks. 

Site Producer Accuracy  User Accuracy  Total Accuracy  

College Rocks 94.0 94.1 89.0 

South Aberwennol  80.8 81.9 70.4 

Average  87.4 88.0 79.7 
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.  

Table 4.2 Results of regression analysis of both A and B regressions. BAI = Brown algae index. 

Regression  Estimate Std. Error t value r2 value p value 

A Intercept 71.2341 0.9654 73.79 0.8763 <0.001 

 BAI  15.6787 0.3963 39.57  <0.001 

 BAI2 -2.7541 0.2145 -12.84  <0.001 

B Intercept 69.1447 1.1249 61.470 0.8139 <0.001 

 BAI 9.6001 0.3117 30.801  <0.001 

 BAI2 -0.8619 0.1042 -8.272  <0.001 

Figure 4.4 Polynomial regression of BAI values assigned to S2A pixels (recentred to avoid collinearity) and percentage coverage of brown 

algae ascertained from UAV imagery. Data points are a taken from all three rocky shore sites: College Rocks, north and south Aberwennol . 

Plot A uses S2A data captured on the 15/05/2019 and Plot B uses S2A data captured on the 27/06/2019. Solid black lines represent line of fit 

predicted using a polynomial curve.  
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4.3.3 Method Validation  

The first model validation, using a 50% subsample of the S2A BAI data, found a root mean 

square error (RMSE) of 8.32% for regression A and a RMSE of 14.26% for regression B. Both 

regression equations were more likely to overestimate brown algal coverage for S2A pixels 

with brown algal coverage >60%, values <60% tended to be underestimated (Figure 4.5). The 

amount of over or underestimation depended on the regression used. For regression A, values 

were typically inaccurately estimated by ~10-20%, whereas in regression B values were 

inaccurately estimated by up to ~30% (Figure 4.5). 

 

The second validation test compared S2A percentage cover values predicted using the 

respective regression equations and ‘true’ percentage cover value for each S2A pixel calculated 

from aerial photography interpretation (API) using the aerial imagery from the Ecostructure 

Project. This second validation test showed a mean difference of 7% (± SEM 5.3%) between 

predicted and true percentage cover of brown macroalgae.  

 

4.3.4 Areal and biomass estimates of intertidal brown algae in Wales  

Based on the approach used in this study (Figure 4.6), the estimated combined areal extent of 

F. vesiculosus, F. serratus and A. nodosum of 100% coverage in Wales is 6.2 km2. The biomass 

estimates based on quadrat data suggest that DW fucoid biomass is 4383.1 g m-2, which 

translates to a carbon standing stock of 1,621.8 g C m-2. Extrapolated across the areal extent of 

Figure 4.5 The difference between the predicted % coverage using Sentinel-2 data and the true % coverage as determined using 

unmanned aerial vehicles (UAV) imagery. Plot A is using Sentinel-2 data captured on the 15/05/2019 and plot B uses Sentinel-2 data 

captured on the 27/06/2019. 
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these three fucoid species a total DW biomass of 27,228.3 t and a total carbon standing stock 

of 10,074.5 t C is estimated for Wales. The average percentage coverage of algae per S2A pixel 

(i.e. 100 m2) was 30.5%. There were, however, regional differences with north Wales having 

the highest average of brown canopy-forming algal coverage at 38.2%, followed by Mid Wales 

with 29.3%, and South Wales with 14.5%. Using the overall area coverage average (30.5%), 

the standing stock of carbon per km2 was estimated at 494.6 t C km2.  

 

  

Figure 4.6 Plot A shows the % cover of algae per Sentinel-2 Level-1C (S2A) pixel based on the polynomial 

regression (heatmap) overlayed with the brown algae vectorized layer extracted using UAV imagery (grey 

patches) for south Aberwennol. Plot B shows aerial imagery at Penmon, North Wales, and plot C the overlayed 

S2A raster layer of estimated percentage coverage using the polynomial regression.  

A B 

C 

 Macroalgae %  Macroalgae % 

m 

m 

m 
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4.4  Discussion  

The creation of a new index specific to brown algae (BAI) was successful with an overall 

accuracy of 80%, higher than previous seaweed indices (62.5% accuracy in Siddiqui et al., 

2019). Indices specific to seaweed have only recently been developed within remote sensing 

and appear to focus on floating algae rather than those attached to the substrate (Hu, 2009; 

Siddiqui et al., 2019), likely because of difficulties in using remote sensing techniques on 

submerged algae. Algae fall into three groups based on photosynthetic pigments used: green, 

red, or brown algae. While previous studies have highlighted the difference in spectral 

signatures for these three groups (Kotta et al., 2014), this study produces the first index 

specifically focussing on brown algae and is an important step in the application of remote 

sensing to marine environments. The higher classification accuracy at College Rocks using the 

BAI could be due to this site being primarily dominated by brown macroalgae, with minimal 

areas of bare rock, green and red algae in comparison to south Aberwennol, resulting in less 

room for error on misclassification at College Rocks.  

 

One of the main disadvantages in using low resolution data, such as S2A, is the coarseness of 

resolution, reducing accuracy of outputs (Anderson et al., 2007; Brodie et al., 2018; Cui et al., 

2018; Mumby et al., 1997). Classification from non-supervised or supervised methods or use 

of an index with a threshold, typically assign a class for a pixel as either present (e.g. containing 

the class brown macroalgae) or absent (e.g. no brown algae present). Though this method of 

classification is perfectly acceptable where the resolution is high (e.g. 1 cm GSD), for data 

which has a relatively coarse resolution such as S2A, problems can arise.  For example, if a 

S2A pixel, with a resolution of 100 m2, was classed as brown algae, then 100 m2 cover would 

be assumed for the whole area though it may be that brown macroalgae only covered 60 m2. 

Conversely if a pixel was not classed as brown algae then 0 m2 coverage would be assumed 

when actually around 20 m2 of this pixel might be covered in brown macroalgae. As a result, 

this leads to over-estimation of area when a class is present and underestimation of an area 

when deemed absent. By using the method outlined in this study, satellite imagery reflectance 

values were able to predict the area coverage to the standard of high-resolution UAV imagery. 

The use of a regression model to produce high level accuracy outputs from low resolution data 

was first proposed for green algae by Cui et al., (2018). This study goes beyond Cui et al., 

(2018) by directly using reflectance values of S2A to calculate the BAI.  
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This study demonstrates a successful remote sensing approach to acquiring accurate spatial 

coverage of intertidal brown algae. Though the first validation method had an error ranging 

from 0-30%, only half of the data was used to create the regression, while the remaining half 

of the data was used as the validation. In the second validation method, the regression applied 

to S2A was created using all available data, and therefore could be considered a more realistic 

estimation of the error of this regression model because of the increased sample size. This 

second validation method found <10% difference between the predicted percentage coverage 

using the regression and ‘true’ percentage coverage using API of aerial imagery. An error of 

<10% is considered extremely accurate when working with satellite imagery and validates the 

ability of this method to provide accurate spatial estimations. 

 

Though this study shows promising results for the application of this model, there are clear 

limitations to using this method. Firstly, the number and location of the UAV imagery used to 

develop the regression model. Only three rocky shores were selected for UAV flights and all 

were within a 6.4 km radius of each other. This model assumes that the strong relationship 

between S2A BAI values and percentage cover for each pixel calculated using the UAV 

imagery was not a site-specific relationship. The use of aerial imagery obtained from a third 

party for other rocky shores in Wales meant that we were able to ground truth our predictive 

model to a certain extent, supporting the assumption that our regression model wasn’t a site-

specific relationship. However, collecting more UAV imagery, which better represents the 

diversity of rocky shores throughout Wales, would validate and potentially improve the model 

further. Secondly, despite best efforts to attain cloud free data, which coincided with low tide 

for all of Wales, this could not be achieved. In particular within the southern region of Wales, 

about 50% of the imagery was covered with a fine haze of cloud, though only small patches 

were covered in thick cloud which obscured imagery completely. This difficulty in pairing 

spring tides where low tides occurred at 11.30am (time S2A captures Wales), with cloud free 

data is something which should be considered where studies occur within regions where 

climatic conditions are not ideal for satellite imagery. This is best represented by the fact that 

for the entire 2019 period, only two dates were available (used within this study) and suitable 

for the application of the model.  

 

This study provides the first estimate of fucoid areal extent in Wales, which suggests that 

fucoids occupy 6.2 km2. Yesson et al., (2015) estimated an area coverage for fucoids of 11,000 

km2 within the British Isles. The Welsh coastline forms a considerable part of the British 
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coastline, therefore making it unlikely that the remaining 10,993.8 km2 is represented by the 

rest of the British Isles. Therefore the Yesson et al., (2015) estimate is likely to be significantly 

overestimating fucoid spatial coverage, possibly as a result of the low resolution of 

environmental datasets used, which as discussed can lead to inaccurate estimates of spatial 

coverage. In addition, spatial coverage was based on habitat suitability models and not directly 

sensing by detecting spectral signatures in real-time, as in this study. 

 

The average amount of fucoid carbon standing stock in Wales determined in this study is 

estimated at ~500 t C km2 (~10,000 t C) and comparable to the ~400t C km-2  estimated for L. 

digitata in England (Gevaert et al., 2008). These figures are small compared to other terrestrial 

and marine carbon sinks within Wales. Broadleaf and coniferous woodland in Wales cover 

3,090 km2 (Forestry Commission, 2019), store 7,000 t C km-2 (Alonso et al., 2012) and have a 

carbon standing stock of 22 million t C (Forestry Commission, 2014) within vegetative biomass 

alone. Saltmarsh habitats in Wales are also important carbon stores capable of storing up to 

5000 t C km-2 and >260,000 t C (Ford et al., 2019). However, the importance of macroalgae 

within carbon sequestration is not the standing stock of carbon held within living biomass. 

Instead, the main pathway in which macroalgae can contribute towards carbon sequestration is 

through carbon donation by regularly releasing large amounts of detritus (Krause-Jensen & 

Duarte, 2016; Krause-Jensen et al., 2018; Smale et al., 2018), which can be transferred and 

sequestered to deep sea and offshore environments (Hill et al., 2015; Krause-Jensen & Duarte, 

2016; Smale et al., 2018). To fully understand the contribution of carbon sequestration by 

macroalgae, estimates of detrital production and the amount of this detrital material reaching 

receiver sites needs to be ascertained. However, the small area which fucoids occupy in Wales 

make it unlikely that they are a major source contributing towards carbon storage as a whole.  

 

This study has provided an accurate method for estimating spatial coverage of brown 

macroalgae in Wales using a novel technique for standardizing low-resolution data to high-

resolution accuracy and identified a new index capable of specifically identifying the group 

brown algae. This remote sensing technique can be applied to intertidal brown algae worldwide 

providing clear imagery with minimal cloud coverage is available. The ability to identify and 

quantify brown algae in other countries is vital to understanding the importance and 

contribution of brown macroalgae to carbon storage. This research will support knowledge in 

understanding the potential of macroalgae in their role as blue carbon donors on a national 

scale.   
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Chapter 5  

General Discussion 

 

5.1 Research question and aims addressed 

 

The aim of this thesis was to investigate the potential for intertidal canopy-forming macroalgae 

to contribute towards blue carbon, specifically looking at the fucoid species A. nodosum, F. 

vesiculosus and F. serratus. In Chapter 2, I determined carbon production and loss over time 

and across a wave exposure gradient for the three fucoid species. Productivity was measured 

via biomass accumulation and detrital production was based on whole individual dislodgement 

and seasonal receptacle release. The key findings were that rates of productivity  (productivity 

range of fucoids, this study:15.8 – 958.9 g C m-2 yr-1 ) were found to be higher for some fucoid 

species, and at a specific set of locations similar to that measured in a number of kelp species 

(Krumhansl & Scheibling, 2012; Pessarrodona et al., 2018). The rates of detrital production 

from fucoids (~213.8 g C m-2 yr-1  from annual dislodgement and 139.4 – 229.1 g C m-2 yr-1 

from receptacle senescence) were either greater than or similar to that measured for a variety 

of kelp species (Krumhansl & Scheibling, 2012; Pessarrodona et al., 2018). In Chapter 3, 

thermogravimetric analysis (TGA), assessed the degradability of kelp and fucoids. Holdfasts, 

stipes, and laminas were compared within and between species, with receptacles also included 

for fucoid species. The presence of refractory elements, specifically in holdfast and receptacle 

tissues, were found in kelps and fucoids, suggesting these tissue types are likely to persist for 

longer. Finally, in Chapter 4, a novel remote-sensing methodology was developed to accurately 

determine areal coverage. The areal extent was then combined with biomass estimates to 

determine intertidal brown macroalgae standing stock in Wales. Using this technique, the three 

fucoid species of interest were found to cover 6.2 km2 in Wales. The remote sensing technique 

is relatively simple and can be applied to other regions and brown algal species (although the 

later may require some method testing). 

5.2   Are intertidal fucoids important contributors towards blue carbon?  

 

Macroalgae are unable to store carbon in situ due to their settlement on rocky substrate and 

therefore lack of sediment substrate for burial and sequestration of carbon. Instead, macroalgae 
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are able to contribute towards carbon sequestration by donating their carbon (in the form of 

particulate and dissolved organic matter) to areas which are capable of sequestering carbon 

within their sediment substrate (e.g. offshore, deltaic coastal shelves and deep sea habitats) 

(Krause-Jensen & Duarte, 2016). When considering species of macroalgae capable of carbon 

sequestration, kelp have been at the forefront of blue carbon research (Burrows et al., 2014; 

Krause-Jensen & Duarte, 2016; Stahl, 2012), whereas little attention has been paid to intertidal 

fucoids. In order for fucoids to be considered as efficient carbon donors and with the potential 

to contribute towards carbon sequestration, they need to satisfy three requirements: 1) produce 

large amounts of detritus for donation; 2) the detritus must be stable for long enough to reach 

and be buried and incorporated within sediments for long term carbon sequestration and; 3) 

macroalgae must be widespread enough to contribute detritus at a large enough scale to be of 

importance.  

 

In addressing the first requirement, F. serratus in particular had high rates of carbon 

production, reaching 958.9 g C m-2 yr-1,  similar to kelp species (Ecklonia radiata and E. cava 

912 and 851 g C m-2 yr-1 (Krumhansl & Scheibling, 2012)). All the fucoids investigated released 

large amounts of detritus from annual dislodgement (~213.8 g C m-2 yr-1) and receptacle 

senescence (~173.8 g C m-2 yr-1), resulting in a combined detrital release of ~388 g C m-2 yr-1. 

Detrital production from whole plant dislodgement, seasonal ‘May’ cast and erosion in L. 

hyperborea is estimated as 317.2 g C m-2 yr-1 (Pessarrondona et al., 2018) in the UK. Though 

the detrital estimation by fucoids in this study are greater than L. hyperborea, the true estimate 

of fucoid detritus export may be larger still, as chronic erosion of fucoids was not estimated in 

this thesis. Further comparisons of detrital export can be made to a wider range of kelps species 

other than L. hyperborea using the review by Krumhansl & Schiebling (2012), where annual 

dislodgement rates were collated in five kelp species and communities. Overall, in this review, 

kelps were found to release between 22 – 232.8 g C m-2 yr-1 of detritus from annual 

dislodgement (Krumhansl & Schiebling, 2012). The ~213.8 g C m-2 yr-1 of average annual 

dislodgement in fucoids found in this study compares favourably with these values. This 

suggests that all three fucoids, and possibly in particular F. serratus with both high productivity 

and detrital release, produce sufficient detrital matter that has the potential to be transported to 

receiver habitats.  

 

In addressing the second requirement, for both kelp and fucoids, lamina tissue generally 

degraded the quickest. In contrast, the holdfast tissue for kelps and the receptacle tissue in 
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fucoids exhibited a consistent trend of lower degradability indicating that these tissues possess 

more refractory compounds. While this chapter concluded that all tissues types are likely to be 

important for carbon donation, the holdfast and receptacle tissues for kelp and fucoids 

specifically were deemed most stable and less likely to degrade before reaching habitats where 

this carbon could be sequestered. In Krause-Jensen and Duarte (2016) it is estimated that 15.6% 

of detrital biomass released from macroalgae is sequestered in receiver sites. However, this 

estimate does not account for differences in the degradability of tissue types as found in Chapter 

3. In kelps, due to the conveyor-belt like nature of their growth, the lamina often provide the 

greatest detrital contribution through erosion of the distal ends, and May casts (Krumhansl & 

Scheibling, 2012; Pessarrodona et al., 2018). However, in this study lamina tissue was found 

to be the most labile (Chapter 3). Comparatively, holdfasts only form part of the detrital 

contribution through whole thalli dislodgement in both fucoids and kelp, and receptacles are 

formed and released once a year.  The contribution of whole plant dislodgement and erosion to 

the total amount of detritus exported in kelp was calculated from the review by Krumhansl & 

Schiebling (2012), with whole plant dislodgement contributing 41%, and erosion contributing 

59%. Pessarrodona et al., (2018) calculated  that 53.5% of total detritus export by L. 

hyperborea, came from erosion and May cast release, and the remaining 46.5% from whole 

thalli dislodgement. Similarly, using the values taken in this study, receptacle tissues was found 

to contribute 44.8% towards total detritus released by fucoids, and the remaining 56% from 

whole thalli dislodgement. As a result, the estimate of 15.6% by Krause-Jensen & Duarte, 2016 

is likely to be an overestimate of the true proportion of macroalgae detritus which is 

successfully sequestered. In order to increase the accuracy of future estimates of carbon 

sequestration by brown macroalgae, the difference in degradability between tissues and groups 

of macroalgae needs to be recognised. 

 

For the third requirement, within Wales the collective spatial estimate of fucoids was calculated 

at 6.2 km2 (determined in Chapter 4). This assumes that of the collective estimate area there is 

100% canopy coverage of brown algae, i.e. the estimate assumes all patches of fucoids are 

grouped together. Within Wales the spatial area of fucoids is negligible compared to the 

majority of other coastal habitats, including subtidal macroalgae (80.4 km2). However, fucoids 

have a larger spatial estimate than other carbon sequestering environments recognised in 

Wales,  such as brittlestar beds and faunal turfs habitats (Armstrong et al., 2020).  
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Before going on to discuss upscaled estimates related to fucoids at a national and global level 

(e.g. amount of detritus released and sequestered), it should be made clear that these upscaled 

values are broad estimates with likely sizeable error associated. Error could not be easily 

calculated for all values due to the way in which these upscaled estimates were determined. 

 

Combining results from Chapter 2 and Chapter 4, facilitates a national estimate of the amount 

of particulate organic matter (POC) which fucoids contribute towards carbon sequestration 

within Wales. Detritus values estimated in Chapter 2 were scaled-up to represent 100% canopy 

coverage, resulting in an approximate total estimate of ~765 g C m-2 yr-1 of detritus being 

released by fucoids (total of annual dislodgement rates and receptacle release). Scaling this up 

to the areal extent of fucoids in Wales (6.2 km2) suggests fucoids release 4742.38 t C yr-1 of 

detrital matter. Krause-Jensen & Duarte, 2016 estimated that 15.6% of POC released by 

macroalgae is sequestered within the deep sea and offshore shelf sediments. Consequently, 

fucoids may be capable of sequestering 739.8 t C yr-1 in offshore sediments in Wales (however 

this does not account for differences in tissue degradability). This value is nearly four times 

more than that sequestered by seagrass beds within Wales (197 t C yr-1; Armstrong et al., 2020), 

but considerably less than that sequestered within saltmarsh (6,397 t C yr-1; Armstrong et al., 

2020). However, the area covered by saltmarsh in Wales is considerably larger (76.1 km2) than 

intertidal brown algae, therefore standardising to area is a more appropriate measure. 

Consequently, from the released detritus, fucoids have the potential to sequester 0.04 kg C m-

2 yr-1. This value was calculated by applying 30.5% (average percentage coverage of fucoids in 

Wales: Chapter 3) to 764.9 g C m-2 yr-1, providing an average amount of detritus exported per 

area, and then applying the expected proportion that is sequestered (15.6%; Krause-Jensen & 

Duarte, 2016). This value (0.04 kg C m-2 yr-1) is about half of that sequestered by saltmarsh 

(0.08 kg m-2 yr-1), but larger than that sequestered by seagrass (0.03 kg m-2 yr-1) (assuming a 2 

mm yr-1 accretion rate) in Wales (Armstrong et al., 2020). Compared to terrestrial stores, 

fucoids per area have the potential to sequester similar amounts of carbon as peatland habitats 

(0.02 - 0.05 kg C m-2 yr-1; Alonso et al., 2012), but less than oak woodlands (0.18 kg C m-2 yr-

1; Cannell, 1999). These results show that per area, intertidal fucoids make a considerable 

contribution towards carbon stores within Wales.  

 

The global spatial estimate of intertidal brown algae reefs has been calculated at 13,000 km2 

(Duarte et al., in review). This areal value was estimated using a bottom-up approach, starting 

with a global intertidal area and refining through habitat, and average percentage algal cover 
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(Duarte et al., in review). By upscaling the detritus rate of fucoids in this study (assuming 100% 

coverage; 764.9 g C m-2 yr-1) to the global spatial estimate, and then applying 15.6% by Krause-

Jensen & Duarte, 2016, fucoids may be capable of sequestering 1.6 Mt C yr-1 worldwide. A 

comparison of the amount of carbon sequestered between fucoids and  kelp species can be 

made, thanks to a global spatial estimate of kelp; 1,790,000 km2 (Duarte et al., in review). 

Carbon sequestered by kelp was scaled up using L. hyperborea detrital estimates by 

Pessarrodona et al., 2018 and Krause-Jensen & Duarte (2016) as above. This resulted in an 

estimation of 893.6 Mt C yr-1 which kelp may be capable of sequestering globally. Global 

estimates of carbon sequestration in sediments by other blue carbon habitats (seagrass, 

mangroves, and saltmarsh) range between 23.6 – 60 Mt C yr-1(Duarte et al., 2005).  These 

estimates suggest that carbon sequestration by established blue carbon habitats, and in 

particular kelp, are significantly larger than that of fucoids at a global scale. This suggests that 

despite the higher rates of detrital export demonstrated by fucoids, as a global habitat they are 

less impactful. However, it must be acknowledged that calculating spatial area of a habitat over 

a large scale (national or global) can be produce highly variable estimates, and typically 

involves a certain or even considerable degree of error (discussed in Chapter 4). This can be 

shown by high variation between studies. For example, a study by Yesson et al., (2015) 

estimated that fucoids cover 11,000 km2 in the British Isles. In comparison the global estimate 

used by Duarte et al., (in review), estimates intertidal brown algae coverage at 13,000 km2, 

suggesting the highly unlikely possibility that 85% of all fucoids worldwide occur in the British 

Isles. In Australia, fucoids are estimated to cover 71,000 km2 (Coleman & Wernberg, 2017), 

five times more than the global estimate (Duarte et al., in review). Employing a standardised 

method to estimate macroalgae spatial coverage at a national and global scale similar to that in 

Chapter 4 could be a better way of areal estimation. 

 

Though at a global scale fucoids are unlikely to be high contributors towards carbon 

sequestration, as discussed above, per area fucoids sequester similar rates to other natural 

carbon stores. As a result, it remains important to conserve and protect these habitats. 

Temperate coastal ecosystems are threatened by anthropogenic stresses including pollution, 

habitat loss and degradation, invasive species, and climate change (Suchanek, 1994). 

Specifically, fucoid dominant reefs are found to be in decline in some regions (Coleman & 

Wernberg, 2017). Pollution such as sewage effluence (Bellgrove et al., 2010) and other 

terrestrial outflows (e.g. mining outflows: Woolsey & Wilkinson, 2007) lead to the degradation 

and change of community structure on fucoid reefs. Sedimentation and an increase in 
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temperature decreases the survival rates of fucoid sporelings (Alestra & Schiel, 2015), while 

an increase in urban sprawl reduces the presence of fucoid species through loss of available 

habitat (Mangialajo et al., 2008). Restoration of intertidal fucoid species have been successful 

using recruitment-enhancement (Verdura et al., 2018) and transplantations techniques 

(Campbell et al., 2014). While there are a number of national and international agreements to 

conserve intertidal habitats within the UK, none are specifically focused on fucoid-dominated 

reefs (NRW, 2019). As a result of their potential to contribute towards carbon sequestration, 

there is a need to protect and conserve these habitats, including possible restoration of degraded 

sites. Using the same methods as Armstrong et al., (2020), where carbon was converted to 

CO2e (conversion factor 3.67; 1 tonne of CO2e equals £69), the potential for sequestration by 

fucoids in Wales is estimated at £187,342 per year. This is more than the value of carbon 

sequestration by seagrass beds (£49,961), shellfish beds (£94,491) and brittlestar beds (£1,266) 

but considerably less than saltmarsh (£1,619,912) and intertidal flats (£2,083,323) (Armstrong 

et al., 2020).   

 

In conclusion, based on the evidence presented in this thesis, fucoids clearly do have the 

potential to make important contributions towards carbon sequestration, demonstrating rates of 

carbon sequestration per area similar or even greater than other blue carbon habitats and 

terrestrial carbon stores. Specific fucoid species have the capacity to have equally high 

productivity rates to that of kelp. In addition, mean detrital export rates (excluding erosion) of 

fucoids were found to be similar to that of kelp studies – and likely greater once erosion has 

been accounted for. Finally, refractory compounds were also found in tissues of both kelp and 

fucoids. This evidence suggests fucoids meet two of the fundamental requirements mentioned 

previously. Requirement 1 (producing large amounts of detritus); and 2 (the detritus must be 

stable for long enough to be sequestered). However, when assessing requirement 3 (spatial area 

large enough to be an important contribution), at a national scale (Wales) fucoid cover was 

small (6.2 km2), indicating a relatively minor contribution by intertidal fucoids towards carbon 

sequestration. At a global scale, spatial area of fucoids was considerably less (1,777,000 km2 

less) than that of subtidal macroalgae (Duarte et al., in review), indicating that fucoids may not 

be widespread enough to contribute towards carbon sequestration at a global scale. However, 

global, and national estimates between studies are highly variable indicating a large degree of 

error and uncertainty.   
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5.3 Limitations of the thesis 

 

Determining degradability of tissue types in Chapter 3 used a key assumption in which 

degradability in situ is the same as thermal stability determined by thermogravimetric analysis 

(TGA). While other studies have used this assumption (Trevathan-Tackett et al., 2015; Sintim 

et al., 2020), it would have been useful to validate this using in situ experiments (further 

discussed in 5.4 Future Research).  

 

Using remote sensing to estimate spatial coverage of fucoids required a combination of satellite 

and UAV imagery. Ideally when comparing two types of imagery, the captured date should be  

similar to account for any seasonal differences which might occur in vegetation. Despite 

differences in date of capture between UAV and satellite imagery, a strong regression model 

was able to be produced. Brown macroalgae, and in particular species studied within this thesis, 

are perennial, with A. nodosum specifically a long-lived species (Åberg, 1992). Therefore, 

biological data such as percentage cover and density are likely to remain consistent throughout 

time, even if some individuals are dislodged. As a result,  the difficulty in coinciding access to 

satellite imagery, due to weather conditions required for UAV flight and ensuring spring low 

tides were present, are not considered an issue. 

 

Ground-truthing is a common limitation in remote sensing. Though the regression model in 

Chapter 4 was created by using UAV and S2A data focussed on three rocky shore sites within 

close proximity of each other, additional independent aerial imagery was available to test the 

regression model for other rocky shore sites throughout Wales. However, though beneficial, 

the aerial imagery provided RGB imagery only and did not contain multispectral bands. As a 

result, this meant that only aerial photography interpretation (API) could be used to estimate 

the percentage cover of brown algae. For certain images it was difficult to determine dark 

shadow or rock from brown algae. If multispectral imagery were available, it would be possible 

to apply the BAI and allow a more valid comparison between predicted percentage cover from 

the regression model and that from imagery used for ground truthing. 
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5.4 Future research    

 

Tissue degradability was not conducted in situ but instead relied on the assumption that thermal 

stability provided an indication of degradability (as mentioned above). Previous studies have 

assessed degradability by placing samples within litter bags in situ and monitoring over a 

period of time (Hackney, 1987; Kenworthy & Thayer, 1984; Pedersen et al., 2005; Urban-

Maling and Burska, 2009).  Future research could validate the use of TGA by combining its 

application with litter bag experiments. Litter bags containing holdfast, stipe, blade, or 

receptacle tissue from fucoid and kelp species could be buried within either offshore sediments 

or the open ocean. Tissue samples would then be sub-sampled for TGA analysis at periodic 

intervals, in addition to employing the use of Fourier-transform infrared spectroscopy (FTIR) 

methods to identify compounds. This would be able to validate that mass loss at lower 

temperatures were first to degrade and at higher temperatures were more persistent.  

 

The role of POC in this study has been the route to quantifying the amount of carbon macroalgal 

reefs contribute to carbon sequestration habitats. Globally, POC from macroalgae has been 

estimated to contribute 49 Tg C yr-1 to carbon sequestration (Krause-Jensen and Duarte, 2016). 

In comparison dissolved organic carbon (DOC) are estimated to contribute more than double 

that of POC, with a value of 117 Tg C yr-1 (Krause-Jensen and Duarte, 2016). Understanding 

and further refining estimates of the fate of DOC has been highlighted as a research gap and 

requires more research to fully understand the role of macroalgae in blue carbon (Krause-

Jensen & Duarte, 2016; Wada et al., 2012). 

 

Obtaining accurate large-scale estimates of macroalgae coverage has been a key limitation for 

determining the true potential of canopy-forming macroalgae as blue carbon donors (Hill et al., 

2015; Krause-Jensen et al., 2018; Smale et al., 2013). While the achievement of successfully 

mapping fucoids in Wales is an important step in determining accurate spatial distributions of 

macroalgae, the application of remote sensing could be taken further. Specifically, remote 

sensing could be used to distinguish between fucoid species, this could be achieved, by either 

using unique spectral signatures using hyperspectral imagery (Casal et al., 2013) or in 

combination with species distribution models, as done in Burrows et al., (2014). As 

productivity rates and detritus outputs are species specific (Chapter 2), knowing spatial 



96 
 

distributions of each species would enable the upscaling of detrital output estimates to be more 

accurate at a national scale.  

 

Additionally, though Sentinel imagery was used for this study, it does not entail this image 

approach to be the best. Use of commercially available high resolution satellite imagery e.g. 

WorldView-3, may well achieve greater accuracy of the polynomial relationship presented in 

Chapter 4. However, the incurred costs to acquire sufficient coverage at the study scale reduces 

the applicability of using high resolution satellite imagery  in research, making it less favoured 

when compared to other freely available sources (e.g. Sentinel). Nevertheless, with advances 

in image capture technology (Satellite and UAV), it is likely that more prudent sources of 

imagery will become available.  

 

 

While this thesis addresses many fundamental research gaps for fucoids role in blue carbon 

(productivity, detrital degradation rates, national spatial estimates), it generally uses the ‘top 

down’ approach, by using detritus estimates and degradability to estimate the amount of carbon 

that could potentially be sequestered. As a result, it fails to specifically determine whether 

particulate organic matter from fucoids is successfully sequestered in offshore sediments, and 

their rate of sequestration in Wales. The opportunity to use a ‘bottom up’ approach by directly 

determining if (and if so, how much) fucoid detritus does become incorporated into offshore 

sediments is possible due to the advancement in the use of environmental DNA (eDNA) 

(Seymour, 2019). The use of eDNA techniques has been identified as the preferred 

methodology to determine macroalgae within sediments (Geraldi et al., 2019). Recently eDNA 

has been used to identify macroalgae within water samples up to 5,000 km2 away from coastal 

environments (Ortega et al., 2019) and within sediments of seagrass and mangrove habitats 

(Ortega et al., 2020). A study by Queiros et al., (2019) successfully established the presence 

and net sequestration rate of particulate organic matter from fucoids H. elongata and F. 

serratus and kelps L. hyperborea and Saccharina latissima within cores taken from the study 

site L4 benthic, an offshore sedimentary site in southwest England. While this is a valuable 

study, it would additionally be beneficial to determine the residence time of macroalgae derived 

carbon in sediments, therefore verifying long term carbon sequestration. Aging of sediment 

cores can be achieved using radioisotopes (e.g. 14C) (Clark et al., 1986). In using a combined 

approach, by applying both eDNA and radioisotope methodologies to sediment cores samples, 

it would be possible to determine macroalgae within sediments and their residence time. 
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Finally, predicting the destination of detrital material from macroalgal reefs would allow us to 

estimate how much detritus ended up in offshore sediments. Knowing such hotspot locations 

would also aid in choosing areas for eDNA sampling and providing estimates of carbon 

sequestration rates. Predicting the settlement of detrital material is possible through ocean 

circulation models. For example, Fraser et al., (2018) demonstrated how Antarctica is 

connected to other regions through water surface layer and eddies which allow particles to be 

transported. By knowing detrital transport routes, predictions could be made on the time which 

macroalgae need to persist to reach these offshore sites where carbon can be sequestered. 

Understanding the time of persistence required can then be related back to the importance in 

differences within tissue degradability (discussed above).  

5.5 Conclusions 

 

The carbon sequestration rate of fucoids per area were equal to or greater, than carbon 

sequestration rates in some terrestrial and marine carbon stores in Wales. Consequently, 

intertidal fucoids role as carbon donors and their contribution towards carbon sequestration 

should be recognised. Despite the relatively small area covered by fucoids in Wales (6.2 km2 ; 

Chapter 4), at this national scale, it is possible that fucoids sequester more carbon than seagrass 

with Wales. Seagrass habitats are internationally recognised as globally important carbon 

stores (Fourqurean et al., 2012; Kennedy et al., 2010). Therefore, at national scales, equal 

attention should be placed on intertidal fucoids reefs in their contribution towards blue carbon. 

However, at a global scale, the lower spatial estimates of intertidal brown macroalgae in 

comparison to subtidal and other blue carbon habitats hinder the ability of fucoids to be 

recognised as a globally important blue carbon habitat. But given their contribution per area 

they should not be discounted. Due to differences in refractory qualities of tissues within kelp 

and fucoids, using the universal calculation from Krause-Jensen & Duarte (2015) to estimate 

the amount of carbon successfully sequestered from brown macroalgae detritus (a top down 

approach) may not be accurate. As such, future research should focus on using a bottom up 

approach to understand  rates of sequestration and residence time by brown macroalgae to 

provide more accurate estimates of carbon sequestration by combining eDNA methodology, 

isotopic carbon dating, and ocean circulation models.  
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APPENDICES 

Table 1.1 References for global estimates of carbon stocks per area (Mg C ha-1) in Figure 1. 

Habitat Reference(s) Details 

Seagrass Fourqurean et al., 2012 Soil sediment estimate to 1m depth– 

extrapolated values for equality for smaller 

cores. Median values were given for sediment 

estimates to reduce influence of extreme 

estimates from the literature.  

Saltmarsh  Duarte et al., 2013  Mean value reported in review article and 

sediment estimated to 1m.   

Mangrove Donato et al., 2011 Calculated mean and 95% CI error values 

from supplementary information. Sediment 

store estimated from variation of 48-300cm 

soil depth. 

Boreal Forests Pan et al., 2011 Calculated mean and 95%CI values from 

supplementary data provided. Soil sediment 

based on soil depth of 1m. 

Temperate 

Forests 

Pan et al., 2011 As above  

Tropical Forests Pan et al., 2011 As above, with both intact and regrowth 

tropical forests included in the tropical forests 

estimates.  

Tropical 

savannas and 

grassland 

Grace et al., 2006 Biomass estimates was derived from combing 

areas where both below and above ground 

mean biomass was present and calculated a 

mean value from this biomass total.,Sediment 

is mean soil carbon estimate. Depth of soil 

unknow 

Temperate 

grassland and 

shrubs 

Prentice et al., 2001 Mean values provided, sediment is to 1m 

depth. 
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Table 2.1 Two-way ANOVA of standing stock (g C m-2) for species A. nodosum, F. 

vesiculosus and F. serratus from College Rocks and Aberwennol (N=8).  Rows in bold indicate 

significance (P<0.05). Data was transformed using the natural logarithmic.   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 21.584a 5 4.317 4.949 .001 

Intercept 1775.398 1 1775.398 2035.623 <0.001 

Site .075 1 .075 .086 .770 

Species 17.590 2 8.795 10.084 <0.001 

Site * Species 3.918 2 1.959 2.246 .118 

Error 36.631 42 .872   

Total 1833.613 48    

Corrected Total 58.214 47    

 

Table 2.2 Three -way ANOVA of standing stock (g C m-2) for species F. vesiculosus, F. serratus and A. nodosum from 

wave exposed sites. The factor site was nested within exposure.  (N=8). A square root transformation was applied to 

data. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis 64832.555 1 64832.555 618.141 .001 

Error 217.105 2.070 104.883a   

Exposure Hypothesis 1422.707 2 711.353 6.814 .129 

Error 207.294 1.986 104.394b   

Species Hypothesis 363.030 2 181.515 1.220 .410 

Error 446.381 3 148.794c   
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Site(Exposure) Hypothesis 329.957 3 109.986 .746 .591 

Error 453.776 3.079 147.386d   

Exposure * Species Hypothesis 193.666 4 48.417 .325 .847 

Error 446.381 3 148.794c   

Species * Site(Exposure) Hypothesis 446.381 3 148.794 1.741 .163 

Error 8887.986 104 85.461e   

 

Table 2.3 ANOVA productivity (g C day-1) across time at Aberwennol and College Rocks for three 

fucoid species (A. nodosum, F. vesiculosus and F. serratus). Data was transformed using the 

logarithm. Rows in bold indicate significance (P<0.05). 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 101.786a 32 3.181 17.929 <0.001 

Intercept 868.294 1 868.294 4894.178 .000 

Site 3.752 1 3.752 21.146 <0.001 

Month 14.057 5 2.811 15.847 <0.001 

Species 36.683 2 18.341 103.381 <0.001 

Species * Month 9.437 10 .944 5.319 <0.001 

Species * Site .493 2 .247 1.390 .251 

Month * Site 1.310 5 .262 1.476 .199 

Species * Month * Site 6.834 7 .976 5.503 <0.001 

Error 36.192 204 .177   

Total 1390.983 237    

Corrected Total 137.978 236    
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Table 2.4 ANOVA annual productivity (g C m-2 yr-1) across Aberwennol and College Rocks 

for three fucoid species (A. nodosum, F. vesiculosus and F. serratus). Data was transformed 

using the logarithm. Rows in bold indicate significance (P<0.05).   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 12.939a 5 2.588 34.313 .000 

Intercept 171.438 1 171.438 2273.273 .000 

Site .020 1 .020 .260 .613 

Species 12.839 2 6.419 85.119 .000 

Site * Species .081 2 .040 .534 .590 

Error 3.167 42 .075   

Total 187.544 48    

Corrected Total 16.106 47    

a. R Squared = .803 (Adjusted R Squared = .780) 

 

Table 2.5 ANOVA of productivity (g C day-1) for sites nested within wave exposure by season and species (A. nodosum, 

F. vesiculosus and F. serratus). Rows in bold indicate significance, a P value of 0.01 was used to reduce Type I error as 

assumptions of homoscedasticity were not met. WE = wave exposure.  Data was not transformed. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis .270 1 .270 45.762 .018 

Error .012 2.108 .006a   

Season Hypothesis .065 3 .022 6.868 .014 

Error .024 7.651 .003b   

Site(WE) Hypothesis .018 3 .006 .668 .612 

Error .037 4.260 .009c   

Species Hypothesis .143 2 .071 9.616 .049 

Error .023 3.038 .007d   

WE Hypothesis .003 2 .001 .216 .822 
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Error .012 2.050 .006e   

Season * WE Hypothesis .005 6 .001 .264 .938 

Error .024 7.608 .003f   

Season * Species Hypothesis .119 6 .020 14.633 <0.001 

Error .013 9.558 .001g   

WE * Species Hypothesis .054 4 .013 1.816 .324 

Error .023 3.046 .007h   

Season * Site(WE) Hypothesis .026 9 .003 2.132 .127 

Error .014 9.969 .001i   

Species * Site(WE) Hypothesis .023 3 .008 5.584 .018 

Error .013 9.479 .001j   

Season * WE * Species Hypothesis .036 12 .003 2.257 .111 

Error .012 9.261 .001k   

Season * Species * Site(WE) Hypothesis .012 9 .001 .621 .779 

Error .657 305 .002l   

 

Table 2.6 ANOVA annual productivity (g C m-2 yr-1)  for sites nested within wave exposure by season and species 

(A. nodosum, F. vesiculosus and F. serratus). Data was transformed using the logarithm. WE = Wave Exposure. Rows in 

bold indicate significance (P<0.05).   

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis 552.119 1 552.119 590.874 .000 

Error 2.763 2.957 .934a   

WE Hypothesis .106 2 .053 .056 .946 

Error 2.785 2.954 .943b   

Species Hypothesis 24.346 2 12.173 265.783 .000 

Error .137 3 .046c   

Site(WE) Hypothesis 2.458 3 .819 17.892 .020 
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Error .137 3 .046c   

Species * WE Hypothesis 2.496 4 .624 13.626 .029 

Error .137 3 .046c   

Species * Site(WE) Hypothesis .137 3 .046 .482 .695 

Error 9.971 105 .095d   

 

Table 2.7  ANOVA of dislodgement (g C day-1) across time at Aberwennol and College Rocks for 

three fucoid species (A. nodosum, F. vesiculosus and F. serratus). A cube root transformation was 

applied to data. Rows in bold indicate significance (P<0.05). 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 5.759a 39 .148 1.893 .003 

Intercept 10.928 1 10.928 140.084 .000 

Site .508 1 .508 6.510 .012 

Months .890 6 .148 1.902 .084 

Species .129 2 .065 .830 .438 

Site * Months .171 6 .029 .366 .900 

Site * Species .129 2 .064 .826 .440 

Months * Species 3.206 12 .267 3.425 <0.001 

Site * Months * Species .626 10 .063 .802 .627 

Error 12.482 160 .078   

Total 29.036 200    

Corrected Total 18.240 199    

a. R Squared = .316 (Adjusted R Squared = .149) 

 

Table 2.8 ANOVA of annual dislodgement (g C m-2 yr-1 ) across at Aberwennol and College 

Rocks for three fucoid species (A. nodosum, F. vesiculosus and F. serratus). A logarithmic 

transformation was applied to data. Rows in bold indicate significance (P<0.05). 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.493a 5 .299 3.959 .005 

Intercept 266.665 1 266.665 3535.973 .000 

Site .795 1 .795 10.546 .002 

Species .521 2 .261 3.455 .041 

Site * Species .176 2 .088 1.169 .320 

Error 3.167 42 .075   

Total 271.325 48    
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Corrected Total 4.660 47    

a. R Squared = .320 (Adjusted R Squared = .239) 

 

 

Table 2.9  ANOVA of dislodgement (g C day-1) sites nested within wave exposure by season and species (A. nodosum, F. vesiculosus 

and F. serratus). Rows in bold indicate significance (P<0.05). Site is nested within Exposure.  A cube root transformation was applied 

to data. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis 2.278 1 2.278 31.755 .028 

Error .149 2.077 .072a   

Season Hypothesis .864 3 .288 12.323 .017 

Error .093 3.987 .023b   

Site(Exposure) Hypothesis .226 3 .075 1.383 .589 

Error .040 .734 .055c   

Species Hypothesis .131 2 .065 .695 .565 

Error .284 3.014 .094d   

Exposure Hypothesis .292 2 .146 2.037 .332 

Error .141 1.969 .072e   

Exposure * Season Hypothesis .427 6 .071 3.170 .164 

Error .077 3.431 .022f   

Species * Season Hypothesis .496 6 .083 1.181 .402 

Error .560 8 .070g   

Species * Exposure Hypothesis .231 4 .058 .614 .683 

Error .282 2.992 .094h   

Season * Site(Exposure) Hypothesis .263 9 .029 .417 .892 

Error .560 8 .070g   

Species * Site(Exposure) Hypothesis .283 3 .094 1.345 .327 

Error .560 8 .070g   

Species * Exposure * Season Hypothesis .343 11 .031 .444 .894 

Error .560 8 .070g   

Species * Season * 

Site(Exposure) 

Hypothesis .560 8 .070 2.147 .032 

Error 7.570 232 .033i   
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Table 2.10 ANOVA of annual dislodgement (g C m-2 yr-1) sites nested within wave exposure by season and species (A. nodosum, F. 

vesiculosus and F. serratus). Rows in bold indicate significance (P<0.05). Site is nested within Exposure. A logarithmic 

transformation was applied to data. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis 435.113 1 435.113 187.962 .002 

Error 5.870 2.536 2.315a   

Exposure Hypothesis 2.651 2 1.326 .570 .625 

Error 5.827 2.507 2.324b   

Species Hypothesis 1.172 2 .586 .446 .677 

Error 3.945 3 1.315c   

Site(Exposure) Hypothesis 6.557 3 2.186 1.662 .343 

Error 3.945 3 1.315c   

Exposure * Species Hypothesis 1.414 4 .354 .269 .882 

Error 3.945 3 1.315c   

Species * Site(Exposure) Hypothesis 3.945 3 1.315 13.848 .000 

Error 9.971 105 .095d   

 

Table 2.11 One -way ANOVA of carbon released in the form of receptacles per individual (g 

C) for species F. vesiculosus, F. serratus and A. nodosum from College Rocks (N=5).    

 Sum of Squares df Mean Square F Sig. 

Species 138.353 2 69.177 1.114 .360 

Within Groups 745.383 12 62.115   

Total 883.736 14    

 

 Table 2.12 One -way ANOVA of carbon released from receptacles (g C m-2) for F. 

vesiculosus, F. serratus and A. nodosum from College Rocks (N=5).    

 Sum of Squares df Mean Square F Sig. 

Species 23379.536 2 11689.768 .658 .536 

Within Groups 213342.882 12 17778.573   

Total 236722.418 14    
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2.1 Conversion factors for sub-canopy and basal AT for the wave exposure sites 

To estimate the amount of biomass produced by sub-canopy and submerged apical tips for 

fucoid species on shores of varying wave exposure, the biomass accumulation between 

canopy, sub-canopy and submerged apical tips from Aberwennol and College Rocks were 

compared and analysed for statistical differences.  

A one-way ANOVA was performed with height (3 levels: canopy, subcanopy and basal) for 

each species and an independent samples t-test for F. vesiculosus (2 levels: canopy and 

subcanopy) as basal tips were rarely found. For all analyses, the Levene’s and Shapiro-Wilk 

tests was used to test for the assumptions of ANOVA, and data transformations applied 

where needed. When significance was present within the level height, pairwise comparisons 

were carried out to denote significance.  

For species were apical tips were found to be significantly different in biomass accumulation, 

the percentage difference was calculated from the average biomass accumulation at each 

height and applied to the individuals collected from g wave exposure sites. This analysis was 

repeated for each quarterly period to account for changes that may occur within the year. 
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Table 2.13 One-way ANOVA for A. nodosum first quarter (February - April). Values in bold 

denote significance.  

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.660E-6a 2 8.302E-7 .280 .758 

Intercept .000 1 .000 92.328 .000 

Height 1.660E-6 2 8.302E-7 .280 .758 

Error 8.312E-5 28 2.969E-6   

Total .000 31    

Corrected Total 8.478E-5 30    

 

 

Table 2.14 One-way ANOVA for A. nodosum second quarter (June – July). Values in bold 

denote significance. Data was transformed using square root transformation to better match 

assumptions of ANOVA.  

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .002a 2 .001 8.896 .000 

Intercept .090 1 .090 1049.490 .000 

Height .002 2 .001 8.896 .000 

Error .004 52 8.606E-5   

Total .101 55    

Corrected Total .006 54    

 

 

Table 2.15 One-way ANOVA for A. nodosum third quarter (August - October). Values in bold 

denote significance. Data was transformed using square root transformation to better match 

assumptions of ANOVA. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .001a 2 .000 5.485 .007 

Intercept .084 1 .084 1369.766 .000 

Height .001 2 .000 5.485 .007 

Error .003 49 6.098E-5   

Total .091 52    

Corrected Total .004 51    
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Table 2.16 One-way ANOVA for A. nodosum fourth quarter (December - January). Values in 

bold denote significance.  

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.415E-7a 2 7.075E-8 .647 .546 

Intercept 1.301E-6 1 1.301E-6 11.898 .007 

Height 1.415E-7 2 7.075E-8 .647 .546 

Error 9.839E-7 9 1.093E-7   

Total 3.072E-6 12    

Corrected Total 1.125E-6 11    

 

 

Table 2.17 Independent samples t-test for F. vesiculosus first quarter (February - April). Values were 

transformed using the square root transformation to better meet assumptions. Values in bold denote 

significance (P<0.05). 

 

 

Source t df Sig. Mean Difference 

Std. Error 

Difference 

95% Confidence Interval of the 

Difference 

Lower Upper 

Canopy - Subcanopy 4.058 21 .001 .030458497 .007505418 .014850124 .046066869 

 

 

Table 2.18 Independent samples t-test for F. vesiculosus second quarter (May - July). Values were 

transformed using the logarithmic transformation to better meet assumptions. Values in bold denote 

significance (P<0.05). 

Source t df Sig. 

Mean 

Difference 

Std. Error 

Difference 

95% Confidence Interval of the Difference 

Lower Upper 

Canopy - Subcanopy .209 34 .836 .032872063 .157155395 -.286506127 .352250252 

 

 

Table 2.19a Independent samples t-test for F. vesiculosus third quarter (August - October). Values were 

transformed using the logarithmic transformation to better meet assumptions. Values in bold denote 

significance (P<0.05). 

 

 

Source t df Sig.  Mean Difference 

Std. Error 

Difference 

95% Confidence Interval of 

the Difference 

Lower Upper 

Canopy - Subcanopy 3.080 27 .005 .88802 .28831 .29646 1.47959 
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Table 2.21 One-way ANOVA of F. serratus for second quarter (May – July)    

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 1.660E-6a 2 8.302E-7 .280 .758 

Intercept .000 1 .000 92.328 .000 

Height 1.660E-6 2 8.302E-7 .280 .758 

Error 8.312E-5 28 2.969E-6   

Total .000 31    

Corrected Total 8.478E-5 30    

 

 

Table 2.22 One-way ANOVA of F. serratus for third quarter (August - October). Data 

transformed using logarithmic transformation to better match assumptions of ANOVA.    

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 13.350a 2 6.675 9.433 .001 

Intercept 1537.924 1 1537.924 2173.401 .000 

Height 13.350 2 6.675 9.433 .001 

Error 24.766 35 .708   

Table 2.19b Independent samples t-test for F. vesiculosus fourth quarter (December-January). Values were 

transformed using the square root transformation to better meet assumptions. Values in bold denote 

significance (P<0.05). 

 t df 

Sig. (2-

tailed) Mean Difference 

Std. Error 

Difference 

95% Confidence Interval of the 

Difference 

Lower Upper 

Canopy - 

Subcanopy 

3.181 22 .004 .022026988 .006923916 .007667665 .036386311 

Table 2.20 One-way ANOVA of F. serratus for first quarter (February – April). Data 

transformed using square root transformation to better match assumptions of ANOVA.     

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .008a 2 .004 9.935 .000 

Intercept .161 1 .161 394.334 .000 

Height .008 2 .004 9.935 .000 

Error .018 45 .000   

Total .182 48    

Corrected Total .027 47    
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Total 1802.367 38    

Corrected Total 38.117 37    

 

 

Table 2.23 One-way ANOVA of F. serratus for fourth quarter (December - January). Data 

transformed using square root transformation to better match assumptions of ANOVA. Values 

in bold denote significance (P<0.05). 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model .001a 2 .001 5.825 .008 

Intercept .014 1 .014 129.182 .000 

Height .001 2 .001 5.825 .008 

Error .003 28 .000   

Total .018 31    

Corrected Total .004 30    
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2.2 Regression methodology  

During an ebb tide, the length and circumference up to thirty individuals of A. nodosum, F. 

serratus, and F. vesiculosus were measured at quarterly intervals throughout the year 

(December 2017 and March, June and September 2018). Following the methodology from 

Åberg 1990, a range of individuals of differing heights and circumferences were chosen to 

increase accuracy of regression, with only those considered as juveniles (i.e. single frond) were 

ignored.  The length (cm) was recorded from the where the holdfast attached to the rock to the 

tallest frond on the individual. Circumference (cm) was taken as the widest part of the 

individual. The widest part was identified by taking multiple measurements from the base of 

the individual upwards until the widest measurement was found. Samples were labelled, 

bagged, and taken back to Aberystwyth University where epiphytes and adventitious growth 

was removed. Volume (V) was calculated using Equation 13 taken from Åberg, 1990, where 

L = length and C = circumference. Individuals were dried at 60°C for 72 hours. After which 

samples were weighed (g) to 1 decimal place to give a dry weight (DW) value.  

 

Equation 13 

𝑉 = 𝐿 × 𝐶2 

To establish the relationship between volume and DW, a linear regression was carried out  

using R (v.3.5.3) with interface R studio (v. 1.1.463). Following the protocol from Åberg, 

(1990) a linear regression model II was used due to lack of an independent variable. As the aim 

of this regression was to estimate DW based on volume, the Ordinary least squares regression 

equation was applied using the R package “model2” (Legendre, 1998). Data was LOGe 

transformed to fit the normality assumption, which was assessed using boxplots (Logan, 2011). 

Where this normality assumption was not met after transformation, OLS was applied with 

permutations of 9999 (Legendre, 1998). 

 

Table 2.24 Linear regression relationship between volume and dry weight of species A. nodosum, F. vesiculosus and F. 

serratus. 

Month Species Linear regression R2  Transformation 

December 

2017 

A. nodosum 𝑦 = (0.004833229 ∗ 𝑥) − 0.9300704 0.953 9999 Permutations 



137 
 

 

 F. vesiculosus 𝑦 = (0.003006526 ∗ 𝑥) + 1.1166818 

 

0.874 

 

9999 Permutations 

 F. serratus 𝑦 = (0.9304746 ∗ 𝑥) − 5.091046 0.97 

 

LOGe 

March 2018 A. nodosum 𝑦 = (0.9817184 ∗ 𝑥) − 5.708821 0.9769 

 

LOGe 

 F. vesiculosus 𝑦 = (0.8427835 ∗ 𝑥) − 4.615497 

 

0.879 

 

LOGe 

 F. serratus 𝑦 = (0.002994655 ∗ 𝑥) + 2.426889 

 

0.925 

 

9999 Permutations 

June 2018 A. nodosum 𝑦 = (0.00526528 ∗ 𝑥) − 0.8692278 

 

0.907 

 

9999 Permutations 

 F. vesiculosus 𝑦 = (0.8884415 ∗ 𝑥) − 4.641683 0.91 

 

LOGe 

 F. serratus 𝑦 = (0.9084818 ∗ 𝑥) − 4.606664 

 

0.875 

 

LOGe 

September 

2018 

A. nodosum 𝑦 = (1.007188 ∗ 𝑥) − 5.659746 0.918 

 

LOGe 

 F. vesiculosus 𝑦 = (0.8996217 ∗ 𝑥) − 4.778961 0.932 

 

LOGe 

 F. serratus 𝑦 = (0.002924992 ∗ 𝑥) + 5.08468 

 

0.942 

 

9999 Permutations 
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Table 3.1 Significance between holdfast for all species at each temperature interval (T1, T2, T3 and TIN) using the PERMANOVA univariate analysis between species x tissue x temp for all species for only the three tissue types (Holdfast, stipe and 

lamina), and for fucoid species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001.  

HOLDFAST F. vesiculosus A. nodosum F. serratus H. elongata L. digitata L. hyperborea L. ochroleuca S. latissimi A. esculenta U. pinnatifida S. polyschides 

 T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN 

F. vesiculosus                                             

A nodosum    *                                         

F. serratus   * ***   ** •                                      

H. elongata ***    ***      * ***  *** **                                 

L. digitata       **        **                              

L. hyperborea ***   ** ***  ** * ***         ** **                             

L. ochroleuca ***   ** *** ** *  *** ** **   ** * **       *                      

S. latissimi **   ** **   * **  * *   * **                             

A. esculenta ***  ** * ***    ***  ***     ** *  ***    **    **    **              

U. pinnatifida *** **  *** *** **  *** *** ** *** *** * ***  *** **  ** *   ** **   * *** * *     * *         

S. polyschides  ***  ***  ***  ***  *** *** *** *** ***  ***   ** * ** * ** *** ***    ** * *** ** ** *  *** *  ** ***        
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Table 3.2 Significance between different tissue types for all species at each temperature interval using the PERMANOVA univariate analysis between species x tissue x temp for all 

species for only the three tissue types (Holdfast, stipe and lamina), and for fucoid species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, 

where * < 0.05, ** <0.01 and *** <0.001. T1, T2, T3 and TIN represent temperature intervals. 

 Holdfast x Stipe Holdfast x Lamina Lamina x Stipe Stipe x Receptacle HF x Receptacle Lamina x Receptacle 

 T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN 

F. vesiculosus  *    ***  *** ** ***  *** ** ** *  **    * *** ** *** 

A nodosum * ***  *** * ***  ***     *** ***  * *** *  * *** ***  ** 

F. serratus  *** *   *** *** ***  ** *** *** *    *  *   * *** ** 

H. elongata *  ** * *   **   ***    *** *** **   ***    ** 

L. digitata *   * * **  **  ** *** *              

L. hyperborea *   ** *** **   ** **               

L. ochroleuca **  ** *** *** * * *** * *  **             

S. latissimi **   * ** ** * ** *** ** *** *             

A. esculenta ***  ** *  *** ** ** ** **  ** **             

U. pinnatifida **  ***  ** ***   *** *** **              

S. polyschides * * *  * * *** *                 
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Table 3.3 Significance between stipe for all species at each temperature interval (T1, T2, T3 and TIN) using the PERMANOVA univariate analysis between species x tissue x temp for all species for only the three tissue types (Holdfast, stipe and lamina), 

and for fucoid species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. 

STIPE F. vesiculosus A. nodosum F. serratus H. elongata L. digitata L. hyperborea L. ochroleuca S. latissimi A. esculenta U. pinnatifida S. polyschides 

 T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN 

F. vesiculosus                                             

A nodosum ** ***  ***                                         

F. serratus  * * ***  *** *** *                                     

H. elongata ***  *** ** *** *** *** *** *** ** *** *                                 

L. digitata *** ***  *** *** *** * * ** *** * ** *** *** *** ***                             

L. hyperborea ***  * *** *** *** ** *** *** **  ***   *** *** *** **                           

L. ochroleuca *** *** ** *** *** *** *** ** *** *** * ***  *** *** *** ***  **   **  *                     

S. latissimi * **  ***  *** * ***  ***  *** *** ** *** *** *** **   **   *** **  ** ***                 

A. esculenta   ** *** ** *** ***  *  *** * ***  ** **  *** ***  ***  ***  *** *** ***  ** *** *** **             

U. pinnatifida *** *** * *** *** *** **   *** *** ***  ***  *** *** *** *** ** *  ** ***  ** ** ***  *** *** *** *  *** *** *** **         

S. polyschides * ***  ***  ***  *** * ***  ***  *** ** *** **     **  *    *  *   * *** * *  *       

Table 3.4 Significance between lamina for all species at each temperature interval (T1, T2, T3 and TIN) using the PERMANOVA univariate analysis between species x tissue x temp for all species for only the three tissue types (Holdfast, stipe and 

lamina), and for fucoid species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. 

LAMINA F. vesiculosus A. nodosum F. serratus H. elongata L. digitata L. hyperborea L. ochroleuca S. latissimi A. esculenta U. pinnatifida S. polyschides 

 T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN 

F. vesiculosus                                             

A nodosum  *  *                                         

F. serratus    ***     ***                                      

H. elongata *** ***  ** *** *** **  *** ** •  ***                                 

L. digitata *  *** *** *  *** ***   *** *** ** * *** ***                             

L. hyperborea   **    *    **  *** * ***     **                         

L. ochroleuca  *** *** ***  *** ** ***  **   ***  **  *** *** * **  *** * **                       

S. latissimi ***  *** *** ***  *** *** **  **** *** *** * *** ***   *     ** *** **  ***                 

A. esculenta * ***  *** ** *** * ***  **  * ***   ***  * *** **  * ** * ** ** *** ** ***  *** **             

U. pinnatifida *** ***  *** *** ***  *** *** **  ** **   *** *** ** *** * *** * ** * ***  ** ** *** * *** * *** **           

S. polyschides  * *** ***   *** *** * * *** **   *** *** * * *  * *  *    ** **    *  ***    ***      
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Table 3.5 Significance between receptacles for fucoid species at each temperature interval (T1, T2, T3 and TIN) using the PERMANOVA univariate analysis between 

species x tissue x temp for all species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. 

RECEPTACLES F. vesiculosus A. nodosum F. serratus H. elongata 

 T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN T1 T2 T3 TIN 

F. vesiculosus                 

A nodosum    *               

F. serratus * **   *** ** *          

H. elongata  ** *** *** *** ***  ***   *** *     
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Table 3.6  Significance between total mass loss for all species using the PERMANOVA univariate analysis between species x tissue x temp for all species for only the three tissue types (Holdfast, stipe and lamina), and for fucoid 

species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. 

TOTAL 

MASS 

LOSS 

F. vesiculosus A. nodosum F. serratus H. elongata L. digitata L. hyperborea L. ochroleuca S. latissimi A. esculenta U. pinnatifida S. 

polyschides 

 H S L R H S L R H S L R H S L R H S L H S L H S L H S L H S L H S L H S L 

F. 

vesiculosus 

                                     

A nodosum *                                     

F. serratus * **  * ** *  **                              

H. 

elongata 

* *** ***  ** ** ** **   ** *                          

L. digitata * ***   ** ** *   *    ** ***                       

L. 

hyperborea 

*** ***   *** ***   *** ***   ** *** **   **                    

L. 

ochroleuca 

*** *** ***  *** *** ***  ** *** ***  ** *** *   *** ***   ***                

S. latissimi ** *** *  *** ***   ** ***   ** ***    * *   *   **             

A. 

esculenta 

***  ***  ***  ***  **  ***  **     ** ***  *** **  *** ***  ***           

U. 

pinnatifida 

*** *** ***  *** *** ***  *** *** ***  *** *** ***  ** *** ***  *** *** * *** ** * *** *** ** *** ***       

S. 

polyschides 

 ** **   ** **   ** **   ** *   * ** **  ** **   *  * ** ** * ***      



143 
 

 

 

 

Table 3.7 Significance between total mass loss for all species using the PERMANOVA univariate analysis between species x tissue x temp for all species for only the three tissue types 

(Holdfast, stipe and lamina), and for fucoid species for four tissues (holdfast, stipe, lamina and receptacle). P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. 

TOTAL MASS LOSS Holdfast x Stipe Holdfast x Lamina Lamina x Stipe Stipe x Recep  Holdfast x Receptacle Lamina x Receptacle 

F. vesiculosus **   ** ** ** 

A nodosum  * ** *** *** *** 

F. serratus  *     

H. elongata *  ** *** *  

L. digitata  ** ***    

L. hyperborea  *** ***    

L. ochroleuca  * *    

S. latissimi  ** **    

A. esculenta *** ** ***    

U. pinnatifida  ** ***    

S. polyschides * *     
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Table 3.8 Significance for each species using the PERMANOVA multivariate analysis between kelp species for all three tissue types (holdfast, stipe and lamina) across all temperature 

intervals (excluding TItotal), and multivariate analysis for fucoid species for four tissues (holdfast, stipe, lamina and receptacle)  across all temperature intervals (excluding TItotal).  P values 

are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. Where no asterisk is present, then results found no significance.  

 Holdfast x Stipe Holdfast x Lamina Lamina x Stipe Stipe x Recep  Holdfast x Receptacle Lamina x Receptacle 

F. vesiculosus  *** *** ** ** *** 

A nodosum *** ***  *** *** *** 

F. serratus ** *** ***   ** 

H. elongata ** ** *** *** *** ** 

L. digitata * ** **    

L. hyperborea ** ** **    

L. ochroleuca *** *** **    

S. latissimi ** ** **    

A. esculenta *** *** **    

U. pinnatifida ** ** ***    

S. polyschides * **     
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Table 3.9 Significance for each species using the PERMANOVA multivariate analysis between kelp species for all three tissue types (holdfast, stipe and lamina) across all temperature intervals (excluding TItotal), and multivariate 

analysis for fucoid species for four tissues (holdfast, stipe, lamina and receptacle)  across all temperature intervals (excluding TItotal).  P values are represented with asterisk, * < 0.05, ** <0.01 and *** <0.001. Where no asterisk is 

present, then results found no significance.  

 F. vesiculosus A. nodosum F. serratus H. elongata L. digitata L. hyperborea L. ochroleuca S. latissimi A. esculenta U. pinnatifida S. 

polyschides 

 H S L R H S L R H S L R H S L R H S L H S L H S L H S L H S L H S L H S L 

F. 

vesiculosus 

                                     

A nodosum  *** * *                                  

F. serratus ** ***  * ** *** ** ***                              

H. 

elongata 

*** *** *** *** ** *** *** *** *** *** *** **                          

L. digitata                                      

L. 

hyperborea 

                 ***                    

L. 

ochroleuca 

                 ** ***  * **                

S. latissimi                  *   ** *  *** **             

A. 

esculenta 

                ** ** ** * *** ** * *** *** * *** **          

U. 

pinnatifida 

                ** *** *** ** *** *** ** *** *** * *** *** * *** ***       

S. 

polyschides 

                ** * ** ***  ** ***   **  * *** ** * ***      
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Table 3.10 Percentage of mass loss for each species and respective tissue at four different temperature intervals, standard error of 

the mean is represented in brackets.  

Species Tissue TI1 TI2 TI3 TIN 

A. nodosum 

Holdfast 27.3 (0.4) 12.6 (0.3) 11.9 (1.0) 10.5 (0.3) 

Stipe 25.8 (0.3) 18.1 (0.4) 9.8 (0.3) 8.2 (0.2) 

Lamina 25.7 (0.2) 17.0 (0.4) 9.5 (0.3) 7.8 (0.3) 

Receptacle 17.5 (0.3) 10.7 (0.5) 10.2 (0.7) 9.1 (0.3) 

F. vesiculosus 

Holdfast 26.7 (0.5) 12.1 (0.3) 9.5 (0.7) 11.6 (0.2) 

Stipe 27.6 (0.3) 13.6 (0.4) 9.4 (0.4) 12.0 (0.2) 

Lamina 25.3 (0.5) 20.3 (1.1) 10.3 (0.3) 6.8 (0.2) 

Receptacle 20.3 (1.4) 10.5 (0.6) 8.1 (0.3) 10.7 (0.8) 

F. serratus 

Holdfast 26.9 (0.5) 12.6 (0.3) 7.8 (0.1) 9.6 (0.2) 

Stipe 26.8 (0.5) 14.9 (0.2) 8.3 (0.1) 9.0 (0.2) 

Lamina 26.1 (0.5) 19.9 (1.5) 10.0 (0.2) 5.1 (0.2) 

Receptacle 24.3 (0.9) 14.9 (1.1) 8.3 (0.2) 9.9 (1.1) 

H. elongata 

Holdfast 17.8 (0.9) 13.2 (0.4) 11.7 (0.8) 14.0 (1.2) 

Stipe 20.5 (0.7) 13.2 (0.3)  15.9 (0.8) 10.2 (0.3) 

Lamina 21.0 (0.6) 13.9 (0.4) 10.9 (0.2) 9.0 (0.5) 

Receptacle 22.3 (0.5) 13.7 (0.3) 10.4 (0.2) 6.9 (0.2) 
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L. digitata 

Holdfast 22.2 (2.4) 11.9 (0.9) 8.0 (0.5) 9.6 (1.5) 

Stipe 29.8 (0.3) 10.8 (0.2)  8.8 (0.2) 5.4 (0.9) 

Lamina 29.6 (1.6) 20.9 (2.3) 7.9 (0.1) 3.7 (0.1) 

L. hyperborea 

Holdfast 16.0 (1.7) 11.7 (0.8) 8.0 (0.4) 8.6 (0.6) 

Stipe 22.2 (0.6) 12.8 (0.4)  8.1 (0.3) 5.6 (0.3) 

Lamina 27.7 (1.1) 20.7 (2.4) 8.0 (0.5) 7.2 (1.1) 

L. ochroleuca 

Holdfast 16.1 (1.1) 11.2 (0.2) 9.3 (0.3) 9.4 (0.4) 

Stipe 22.4 (0.6) 11.3 (0.2) 7.7 (0.2) 6.6 (0.3) 

Lamina 24.7 (0.5) 12.7 (0.4) 8.0 (0.3) 5.3 (0.2) 

S. latissimi 

Holdfast 18.8 (1.8) 12.0 (0.6) 9.3 (0.6) 6.9 (1.0) 

Stipe 25.8 (0.5) 11.9 (0.2) 8.7 (0.2) 4.2 (0.1) 

Lamina 28.7 (0.2) 18.0 (1.6) 7.4 (0.2) 3.7 (0.2) 

A. esculenta 

Holdfast 14.3 (1.3) 11.5 (0.6) 14.2 (1.0) 8.5 (0.9) 

Stipe 28.5 (0.5) 14.0 (0.4) 11.7 (0.2) 7.0 (0.8) 

Lamina 26.7 (0.2) 14.7 (0.1) 10.5 (0.2) 4.5 (0.1) 

U. pinnatifida 

Holdfast 12.5 (1.5) 10.2 (0.4) 11.0 (0.4) 5.4 (0.6) 

Stipe 20.0 (0.2) 9.9 (0.2) 7.9 (0.2) 4.2 (0.2) 

Lamina 18.0 (0.2) 13.5 (0.2) 10.0 (0.4) 4.2 (0.2) 

S. polyschides 

Holdfast 30.5 (2.6) 9.6 (0.3) 11.6 (0.7) 5.1 (0.4) 

Stipe 20.1 (2.4) 10.7 (0.3) 7.7 (1.5) 3.9 (0.7) 

Lamina 20.5 (2.3) 14.1 (1.5) 7.3 (0.2) 4.0 (0.2) 
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4.1 Identification and accuracy of brown algae index  

Using the UAV imagery, reflectance values for each multispectral colour band (G, R, RE, NIR) 

were assessed between marine vegetation and substrate present within the UAV imagery. The 

NIR reflectance value is substantially higher in brown algae (0.5-0.6) compared to green and 

red algae (0.25-0.35) and Sabellaria reef and rock (<0.15) (Figure 4.1). In contrast, the green 

and red colour bands reflect similar amounts between algal groups, with the exception of the 

green band in green algae, which is higher (0.1).  

Figure 4.1 Reflectance values for different algal groups and substrate for north Aberwennol (A), south Aberwennol 

(B) and College Rocks (C). RE = Red Edge, and NIR = Near Infrared reflectance values.  
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Based on these findings a simple index dividing NIR by Green was implemented to classify 

brown algae within UAV imagery. Following a visual assessment of the index using the 

QGIS plugin profile tool, a BAI threshold value of 4.0 or more was used to classify brown 

algae. Preliminary application of this threshold of 4.0 to a subsection of UAV imagery 

showed promising detection of brown macroalgae prior to accuracy assessments (Figure 

4.3). Values below 4.0 were classed as ‘other’ and included other non-brown algae and non-

algal vegetation and substrata.  

 

Figure 4.3 A section of the RGB imagery taken from south Aberwennol south with 

corresponding image showing ability of BAI (with threshold) to classify brown algae. 

Figure 4.2 Assessing normality with Q-Q plot and histogram. A – B shows Q-Q plot and 

histogram of regression A respectively, C – D shows Q-Q plot and histogram of regression B, 

respectively.  

A B 

D C  
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Table 4. 1 Three -way ANOVA of standing stock (g C m-2) for species F. vesiculosus, F. serratus and A. nodosum from 

wave exposed shores. The factor site was nested within Exposure.  (N=8). A natural logarithmic transformation was 

applied to data in order to meet assumptions of normality. P< 0.05 denote significance.  

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Intercept Hypothesis 5279.783 1 5279.783 24776.868 .001 

Error .289 1.357 .213   

Exposure Hypothesis 3.771 2 1.885 9.004 .177 

Error .266 1.273 .209   

Species Hypothesis 2.035 2 1.017 1.670 .326 

Error 1.828 3 .609   

Site(Exposure) Hypothesis .793 3 .264 .434 .745 

Error 1.828 3 .609   

Exposure * Species Hypothesis 2.944 4 .736 1.208 .456 

Error 1.828 3 .609   

Species * Site(Exposure) Hypothesis 1.828 3 .609 1.147 .334 

Error 55.790 105 .531   

 

 

 

 

 

 


