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Abstract 

Macroalgal morphological variation is determined to a large extent by a combination of 
environmental factors, with wave exposure and temperature perhaps the main influences, as they 
are key environmental properties to which a species becomes locally adapted. Macroalgae have 
shown to exhibit different responses to different magnitudes of exposure to waves, such as 
reduction in overall size and strength increasing traits. In terms of temperature, warmer 
environments have been shown to reduce the overall size of resident and transplanted species. 
However, none of the past studies have identified specific wave and temperature metrics 
responsible for the morphological adaptation macroalgae exhibit. Past research has often used 
simple or two-dimensional models of wave exposure, which do not take into account important 
aspects of the nearshore environment such as wave breaking, refraction and diffraction. 
Furthermore, past studies have often used satellite-derived datasets as sources for temperature 
data; however, such data have been shown to have large bias when applied to the nearshore 
environment. This study used in situ temperature data and wave power metrics calculated from a 
3D-numerical model to identify specific temperature and wave metrics responsible for morphological 
adaptation of the kelp, Ecklonia maxima and Laminaria pallida. Between temperature and wave 
exposure, the results identify wave exposure as the main influencer of morphological adaptation 
while identifying specific wave metrics. Furthermore, the results show differences in wave metrics 
between species, and between deep and shallow populations. The findings from this chapter were 
used in the next chapter to investigate the role of hydrodynamic and wind drag on floating kelp 
trajectory.  

Ocean currents act as an essential dispersal mechanism of natural and anthropogenic material on 
the ocean surface. Macroalgae are one of the essential natural dispersal vectors of marine 
organisms and are regarded as the ‘tumble-weed of the ocean.’ Despite many studies on the topic, 

the relative role of wind and surface currents in influencing the trajectory of macroalgal dispersal is 
still uncertain. Past studies focused on kelp-rafts, which can vary significantly in size, making it 
difficult to form a consensus on the relative role of wind versus surface currents. In addition, these 
studies have not considered surface area in relation to drag characteristics of the macroalgae, both 
of which have been shown to play a role in the trajectory and accumulation of flotsam. Advances in 
Lagrangian trajectory modelling have been rapid in recent years and allow the use of numerical 
experiments to investigate trajectories of flotsam in the ocean. This study aimed to shed light on the 
relative role of wind versus surface currents and the role of drag in macroalgal trajectory and 
accumulation. We focused on solitary kelp plants. This was achieved by comparing simulations of 
virtual kelp ‘particles’ which incorporate drag with that of purely Lagrangian particles (no drag).
Geometric representations for each morphological characteristic were used to calculate the overall 
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surface area used in the calculation of the relevant drag components (hydrodynamic and wind) for 
each scenario (submerged and partially submerged) and flow-field combinations (currents only, 
currents with wind, currents with Stokes drift, currents with wind and Stokes drift). The results 
showed that the virtual kelp particles follow the ocean currents in general but that the inclusion of 
drag into the scenarios caused trajectories to differ from purely Lagrangian particles. The insights 
regarding the transport of floating macroalgae are used in the next chapter to the describe the 
spatial extent of surface and sink accumulations zones in order to shed light on kelps’ potential as 

an organic subsidy and blue carbon potential offshore. 

Kelps can persist in harsh environments due to their ability to adapt; however, individuals are 
dislodged if the threshold of adaptability is breached. Once dislodged, floating kelp generally follow 
the ocean currents and become entrained in mesoscale features allowing them to travel vast 
distances. Kelps will continue to float until air-filled structures become compromised or the epibiont 
load becomes too great, eventually sinking and settling on the seafloor. The ability of kelp to reach 
distance offshore and nearshore systems makes them an important dispersal mechanism in the 
ocean and organic subsidy. Most of the work regarding the rafting potential of dislodged macroalgae 
has focused on rafts, which form through context-specific conditions, making it challenging to gain 
deeper insights into the broader ecological role that floating kelp plays. In this study, I used the 
findings from the previous chapter to numerically describe the spatial distribution of floating E. 
maxima along the South African coastline by applying a site-specific Lagrangian Trajectory model. 
Simulations also consisted of additional parameters needed to describe surface and seafloor 
accumulation zones, such as sinking and buoyancy, based on site-specific morphological data. 
Numerical simulations were executed with the Lagrangian software, OceanParcels, for a period of 
two years. Results from simulations were categorised into year and season, as well as phase 
(surface, sinking, sunk, beached, and out of bounds). The results showed that the spatial distribution 
of floating E. maxima is dependent on the underlying oceanographic conditions, more specifically, 
the Benguela Jet and mesoscale features. There is also a clear seasonal component regarding 
distribution. The results also show the importance of mesoscale features as a mechanism for kelp 
accumulation on the surface and seafloor, including acting as potential barriers to transport outside 
the study domain. The findings from this study provide essential insight into the role of kelp as an 
organic subsidy and the extent of that organic subsidy. Additionally, findings also present numerical 
evidence for the role of kelp as a potential carbon sink.
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1.1 Background 

Marine ecosystems are maintained by a variety of complex interactions between abiotic and biotic 
variables such as temperature, wave exposure, pH, competition, and processes such as top-down 
and bottom-up control, predator-prey relationships and phenology (McGowan et al., 1998; Doney et 
al., 2012; Burrows et al., 2011; Harley et al., 2012). These abiotic and biotic variables, the 
interactions between them, and the various ecological processes, ultimately determine the 
community composition and ecological functioning of all ecosystems (Guimaraens and Coutinho, 
1996; Dayton et al., 1999; Polovina, 2005; Harley et al., 2006; Jennings and Brander, 2010; 
Johnson et al., 2011; Poloczanska et al., 2013; Krumhansl et al., 2016). Climate, directly and 
indirectly, affects the way in which abiotic and biotic variables interact but is often compounded by 
other impacts such as habitat destruction, pollution, and over-fishing (Blamey and Branch 2012; 
Blamey et al., 2015). In order to persist and survive within variable and changing environments, 
organisms must either migrate, adapt, or die. 

Seaweeds are sessile organisms that are unable to migrate to new areas when local environmental 
conditions become unsuitable and therefore are forced to adapt to new conditions to avoid 
expiration (Dayton, 1985; Tegner et al., 1996). The main form of mortality for seaweeds is through 
mechanical dislodgement by wave action (Seymour et al., 1989; Graham, 2004; Thomsen et al., 
2004; Schiel and Foster, 2006; Cavanaugh et al., 2011; Demes et al., 2013). Seaweeds, particularly 
brown seaweeds, are able to undergo rapid morphological adaptation to the hydrodynamic 
environment (Hurd, 2000; Denny and Gaylord, 2002; Thomsen et al., 2004; Fowler-Walker et al., 
2005; Wernberg and Thomsen, 2005; Mabin et al., 2013; Bekkby et al., 2014). This allows 
seaweeds to reduce mortality through mechanical dislodgement by inducing morphology which 
reduces overall drag. Seaweeds that are unable to avoid mechanical dislodgement either raft out to 
sea or wash up onto beaches as beach-cast. Not all beach-cast kelp may have originated from a 
nearby kelp population and may have originated from other sites or regions of the coast (Hobday, 
2000a; b; Smith, 2002; Fraser et al., 2011). 

Past work investigating macroalgal distribution patterns identified ocean currents and wind as the 
main influencers of trajectory. Floating macroalgal rafts generally follow the ocean currents, while 
windage (drag from the wind) influences entrainment patterns (Hobday, 2000b; Thiel and Gutow, 
2005; Rothäusler et al., 2011; Fraser et al., 2011). Our understanding of kelp morphological 
characteristics and trajectory patterns on the ocean surface has been improved through the 
advances made in the field of hydrodynamic and Lagrangian trajectory modelling (Hill et al., 2010; 
Sundblad et al., 2014; Brooks et al., 2018, 2019; Putman et al., 2018, 2020; Van Sebille et al., 2018, 
2020). All of the past work has focused on kelp rafts, an entanglement of floating individuals, which 
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can vary greatly in size. Although past work has increased our understanding of macroalgal 
distribution patterns on the ocean surface, the focus on kelp rafts limits our understanding to those 
particular scenarios. Furthermore, hydrodynamic drag components relating to the object’s surface 

area have been recognised as an important influencer of other passive flotsam (Beron-Vera et al., 
2016; Brach et al., 2018; D’Asaro et al., 2018; Onink et al., 2019), which raises the question of these 
effects in terms of macroalgae. The inclusion of windage by Putman et al. (2020) and Brooks et al. 
(2019) is an improvement but is specific to that particular kelp raft and is an ad-hoc adjustment 
based on wind data. All of the past work only considers floating macroalgae but does not attempt to 
describe patterns once sinking or sunken to the seafloor. 

What is needed is an approach which can take the site-specific morphological characteristics of 
macroalgal species into account while incorporating hydrodynamic and wind drag. Temperature and 
wave environments can vary vastly along coastlines, as well as the associated macroalgal 
morphological characteristics. This poses a unique challenge to the site-specific approach proposed, 
as the local temperature and wave environment, as well as the effects on morphological 
characteristics, will need to be characterised first. In addition, gaps within our understanding of the 
physical oceanographic processes and drag parameters regarding macroalgal transport need to be 
addressed. Once knowledge gaps have been addressed, the site-specific kelp morphological 
characteristics can be used in conjunction with Lagrangian approaches to numerically describe and 
investigate macroalgal distribution patterns. The current research will use the advances made in 
hydrodynamic and Lagrangian trajectory modelling to not only further our understanding of locally 
driven kelp morphological characteristics in relation to the temperature and wave environment but 
will also investigate the role of hydrodynamic and wind drag on in the distribution of individuals on 
the sea surface. Finally, the study will use the site-specific approach to advance our understanding 
of macroalgal distribution patterns on the ocean surface and seafloor. 

1.2 Context of research 

Kelp forests are comprised particularly of brown algae of the order Laminariales and dominate 
nearshore environments along temperate coastlines. These ecosystems are characterised by high 
levels of productivity that rival or even exceed their terrestrial counterparts (Mann, 1973; Krumhansl 
et al., 2016; Elliott Smith and Fox, 2022). Many Laminarialian are important habitat-forming species 
in the nearshore of temperate coastlines (Teagle et al., 2017). Kelp have been shown to alter the 
wave and light environment (Gerard, 1984; Reed and Foster, 1984; Wing et al., 1993; Monismith et 
al., 2022), creating a multitude of complex niches for other species to exploit (Hauser et al., 2006; 
Smale et al., 2013; Teagle et al., 2017; Miller et al., 2018). For example, canopy-forming species 
limit the amount of light able to reach the seafloor through shading which allows low-light tolerant 
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species to take advantage of (Duggins et al., 1990; Watanabe et al., 1992; Clark et al., 2004). Highly 
dense kelp populations are also capable of wave dampening effects, creating areas of lower wave-
exposure which are once again exploited by species which cannot tolerate highly wave exposed 
environments (Mork, 1996; Ma et al., 2013; Monismith et al., 2022). Kelp species do not only 
support a high species diversity by altering the immediate abiotic environment but also by providing 
a complex three-dimensional structure on and within which species can inhabit. For example, the 
holdfast anchors the plant to the substrate by means of finger-like haptera, which in turn creates 
microhabitats for a range of small invertebrates (Anderson et al., 1997; Anderson 2005), while the 
fronds and stipes act as a habitat for epiphyte and invertebrate species (Norderhaug et al., 2012; 
Christie et al., 2003; Coleman et al., 2007; Teagle et al., 2017; Mayombo 2019, 2020), and the 
stipes by endophytic species (Eggert et al., 2010; Bernard et al., 2019); ultimately this helps drive 
increased species richness within kelp forests.  

1.2.1 Environmental influencers of kelp 

Important environmental drivers of kelp individuals and communities include light (Bruhn and 
Gerard, 1997), nutrients (Jackson, 1977; Field et al., 1980; Fram et al., 2008), temperature 
(Wernberg et al., 2010; Bolton et al., 2012; Vergés et al., 2014; 2016), and wave exposure 
(Seymour et al., 1989; Dayton et al., 1992; Utter and Denny, 1996; Kawamata, 2001; Taylor and 
Schiel, 2003; Fowler-Walker et al., 2006). Although studies have investigated the effects of these 
important environmental drivers, the roles these factors play is often difficult to evaluate as such 
factors may never be fully independent of each other, i.e., environmental factors are to some extent 
dependent on one another. Environmental factors are highly variable on temporal and spatial scales, 
and their effects may also be dependent on the life stage of the organism, adding a further layer of 
complexity to investigations. For example, depth does not affect kelp ecosystems directly; however, 
a change in depth is accompanied by changes in other environmental variables such as water 
motion, light and temperature. Light is an important factor for kelp survival; however, if light is limited 
or excessive this may negatively impact kelp survival or growth. An increase in depth can lead to a 
decrease in sunlight penetration, with some species better adapted for low-light conditions than 
others, such as Laminaria pallida Greville. 

Much of the past research on the role of light has focused on the physiological functioning of kelp 
(Bruhn and Gerard, 1996). For instance, ultraviolet solar radiation has been shown to affect sub-
canopy Ecklonia radiata (C.Agardh) J.Agardh sporophytes when the canopy of mature E. radiata 
was removed (Wood, 1987). The sub-canopy sporophytes experienced tissue damage, 
photopigment destruction, reduced growth and decreased survivorship, thus inhibiting their 
settlement and survival (Wood, 1987). Laboratory experiments revealed that the UV component of 
radiation, rather than intense radiation itself, was responsible for the effects mentioned above. High 
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light stress has negative effects, such as photoinhibition and photo-damage on Ecklonia cava 
Kjellman sporophytes. Altamirano et al. (2004) found that E. cava is more vulnerable to light stress 
conditions and less likely to recover under unfavourable conditions. Bolton and Levitt (1985) 
demonstrated that under sub-saturating irradiances and supra-optimal temperatures, Ecklonia 
maxima (Osbeck) Papenfuss 1940 shows a decrease in reproductive rates and an increase in cell 
production. An additional finding of this study was that despite the decrease in reproductive rates, 
the final egg production per female was greater under these conditions. The authors interpreted the 
response as an ecological adaptation that may increase survival rates under times of stress or non-
ideal conditions (Bolton and Levitt, 1985). 

The importance of nutrients in the functioning of kelp is well understood (Dayton, 1985; Dayton et 
al., 1999; Cavanaugh et al., 2011; Gaylord et al., 2012; Gao et al., 2013; Mabin et al., 2013). 
Dissolved nitrogen, particularly nitrate, are important; however, research has also placed emphasis 
on phosphate and other trace compounds for the functioning of kelp (Dayton, 1985; Mabin et al., 
2013; Supratya et al., 2020). Additionally, some kelp species can store inorganic nitrogen in order to 
compensate for periods of low nutrient availability, which has been observed for Laminaria and 
Macrocystis (Dayton, 1985; Zimmerman and Kremer, 1986; Gaylord et al., 2012; Brzezinski et al., 
2013). Nutrient stratification is also an important factor, particularly for canopy type kelp. The 
concentration of nutrients at the surface is important to the functioning and maintenance of the 
canopy. For instance, kelp canopies in California often deteriorate in the summer months when 
surface nitrate levels are low (Jackson, 1977). Temperature has also been closely linked with 
nutrient concentrations. Nutrients are often in higher concentrations in the water column during low-
temperature events. This is often an indication of an upwelling event, which brings cold and nutrient 
rich waters from the bottom to the surface of the water column (Rouault et al., 2010). Temperature 
can play a direct role in the uptake of nutrients through effects on algal metabolism; however, this 
may vary from species to species (Wernberg et al., 2010, 2011; Pedersen et al., 2012).  

The majority of kelp species are arctic and temperate in distribution, and the warming of ocean 
temperature is expected to cause a poleward biogeographical shift of species (Bolton et al., 2012; 
Krumhansl et al., 2016). There is evidence to suggest that South African kelp forests are expanding 
due to ocean cooling (Bolton et al., 2012), possibly driven by an intensification and increase in 
coastal upwelling (Blamey and Branch 2012; Blamey et al., 2015). In South Africa there has been a 
biogeographical shift eastward along the coast due to a change in inshore temperature regime, 
making South Africa no exception to changing ocean temperatures (Bolton et al., 2012). 
Macroalgae, such as kelp, can react to an increase in surface temperatures in one of three ways: 
they can migrate, adapt and die (Wernberg et al., 2010, 2011; Pedersen et al., 2012). A study by 
Biskup et al., (2014) investigated the functional response of two kelp species (Laminaria ochroleuca 
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Bachelot Pylaie and Saccorhiza polyschides (Lightfoot) Batters) to rising sea temperatures. The 
functional responses of S. polyschides were measured for both the subtidal and intertidal habitats to 
see what effect non-optimal conditions (intertidal zone) had on the kelp. The study found that L. 
ochroleuca exhibited a poor ability to acclimatise and depended on the kelp’s life history traits 

(Biskup et al., 2014). Therefore, annual kelp species are more likely to survive under non-ideal 
conditions, and the intertidal S. polyschides, compared to the subtidal counterparts, showed higher 
physiological flexibility to changing conditions (Biskup et al., 2014). This may be because the 
intertidal zone undergoes far more change than the subtidal, and kelp in the intertidal are forced to 
adapt to harsher conditions where fluctuations in temperature, sunlight, turbidity, and water motion 
are common. The effects on temperature have also been investigated by Wernberg et al., (2010). 
The study looked at the resilience of kelp beds along a latitudinal temperature gradient. Kelp 
abundance is likely to decline with the predicted warming of ocean waters and although kelp have 
the ability to acclimatise and adjust their metabolic performance, which in turn allows them to 
change their physiological performance to mitigate the seasonal fluctuations in temperature. 
However, this acclimatisation is done at a cost (Wernberg et al., 2010). Other than temperature, 
wave exposure is also recognised as an important influencer of kelp populations. Wave exposure 
has been shown to play a role in determining distribution, abundance (Rinde et al., 2014), diversity 
(Leliaert et al., 2000; Graham, 2004; Norderhaug et al., 2012), composition, growth (Cousens, 1982; 
Hepburn et al., 2007; Miller et al., 2011) and productivity (Pedersen et al., 2012) of macroalgae 
communities. The most important direct effect of wave exposure on macroalgal communities is 
through mechanical dislodgement, which ultimately leads to expiration (Bekkby et al., 2014). Wave 
exposure is a complex abiotic variable which varies spatially and temporarily in the marine 
environment (Wernberg and Thomsen, 2005). Nevertheless, macroalgae have been able to persist 
in often harsh and variable wave environments (Hurd, 2000).  

The environmental influencers of kelp are changing in dramatic ways because of climate change 
effects (Reed et al., 2016, Qiu et al., 2019, Smale. 2020). The warming of the ocean and increasing 
ocean energy are of particular concern due to their importance to the functioning of kelp and kelp 
forests and, in turn, the communities that are dependent on kelp (Reed et al., 2016, Qiu et al., 2019, 
Smale. 2020). Without the effects of human-induced climate change, the marine environment is still 
a harsh environment that kelp have been persisting under for long before climate change-related 
effects. This is largely due to their morphological flexibility, which enables them to persist under a 
range of abiotic conditions (Hurd, 2000). 

1.2.2 Kelp morphological adaptations 

Macroalgae are sessile organisms and incapable of migrating when local conditions become 
unsuitable. Therefore, macroalgae must adapt to the local environmental climate in order to persist 
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and survive and achieve this through morphological adaptation (Hurd, 2000; Bekkby et al., 2014). 
Warming ocean temperatures and Marine Heat Waves pose a direct threat to kelp populations as 
warmer temperatures have shown to affect the physiological performance of kelp in terms of 
photosynthesis and respiration (Zimmerman and Kremer, 1986; Gerard, 1997; Bearham et al., 2013; 
Gao et al., 2013), causing them to grow thinner and with reduced blade area (Serisawa et al., 2002; 
Mabin et al., 2013; Supratya et al., 2020). Although kelps persist under a wide temperature range, 
the compounding effects of reduced physiological performance reduce the ability to adapt to the 
local hydrodynamic environment, resulting in dislodgment (Supratya et al., 2020). 

The morphology of macroalgae are not fixed genetic traits. For example, a study by Koehl et al., 
(2008) showed that transplanted Nereocystis luetkeana (K.Mertens) Postels & Ruprecht from a 
wave sheltered site to a wave-exposed site changed their morphology to flat blades and narrow 
laterals that are less prone to drag forces in 4-5 days. Genetic approaches and taxonomy have 
revealed that species delineation based on morphology has been inaccurate, and organisms that 
were once considered two separate species are actually one species. For example, Moss (1950) 
investigated the anatomy chemical composition of Fucus spiralis Linnaeus 1753 at three sites that 
varied in wave exposure (sheltered, medium exposure and exposed). The authors found that 
individuals in exposed sites showed less branching of thalli as well as a ‘crumpling effect’ displayed 

by individuals from exposed sites and, the authors inferred that this strategy may reduce overall 
drag. Other studies show that macroalgae in wave-exposed environments have morphologies that 
reduce overall drag, increase strength of attachment, or increase flexibility (Molloy and Bolton, 1996; 
Hurd, 2000; Denny and Gaylord, 2002; Wernberg et al., 2003; Thomsen et al., 2004; Fowler-Walker 
et al., 2005; Wernberg and Thomsen, 2005; Bekkby et al., 2014; Rothman et al., 2017).  

There is also evidence that morphological adaptation is driven by currents and might be driving the 
hydrological performance of macroalgae. Duggins et al. (2003) examined the direct and indirect flow 
effects on population dynamics, morphology, and biomechanics of several understorey macroalgae 
species. These species included Costaria costata (C.Agardh) De A.Saunders, Agarum fimbriatum 
Harvey, Laminaria complanata (Setchell & N.L.Gardner) Muenscher and N. luetkeana. The authors 
concluded that although tidal and current velocity did not play a significant role in determining kelp 
survival, it did play a role in morphological adaptation. This in turn makes those individuals more 
resilient to dislodgement to wave exposure. Wave exposure is stochastic in nature compared to tidal 
and ocean currents which are more regular in their frequency and magnitude (Rouault et al., 2010; 
Veitch et al., 2019). Therefore, the regular forces of tidal and ocean currents may make kelp 
individuals more resilient to mechanical dislodgement over time (Hurd, 2000; Weisse, 2010). 

The morphological adaptations that macroalgae display are driven by site conditions; therefore, 
individuals must be morphologically flexible to persist in stochastic environments. This may be 
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achieved through different strategies and are species-specific, which can be directly attributed to the 
high diversity in morphological characters of algal communities. For example, some algae have 
fronds, and others have articulated coralline thalli, and therefore these species would need to adapt 
their morphology differently in order to persist. In general, flat strap-like blades are common in areas 
that are exposed to high wave energy, while at protected sites, blade morphology is wide and 
undulated (Wernberg et al., 2003; Wernberg and Thomsen, 2005). However, the specific 
temperature and wave metrics that influence morphological characteristics have not been 
established. An empirical understanding of the effects of ocean energy and temperature would help 
identify the most vital metrics responsible for the morphological adaptability of kelp and how these 
metrics might change in future climate scenarios.  

Although kelps can persist in harsh environments due to their morphological flexibility, they can still 
be dislodged during times of high wave energy. This results in whole, or clusters of individuals and 
pieces of kelp being transported offshore or deposited on nearby or distant shorelines. In both 
cases, the kelp material provides an essential organic subsidy to these ecosystems.  

1.2.3 Kelp as an organic subsidy 

Kelp-derived organic matter is the primary source of organic input within kelp forests and adjacent 
and distant marine ecosystems. For example, kelp-derived organic matter supports bottom-up 
control of intertidal (Bustamante et al., 1995; Tallis, 2009; Elliott Smith et al., 2018), subtidal (Tzetlin 
et al., 1997; Page et al., 2008; Smale et al., 2021), and deep-offshore communities (Filbee-Dexter 
and Scheibling, 2014; Filbee-Dexter and Scheibling, 2016; Filbee-Dexter et al., 2018). Due to the 
high levels of productivity, subtidal ecosystems are often dominated by filter-feeding organisms 
which feed on particulate organic matter (POM) and phytoplankton communities suspended within 
the water column. The composition of POM along temperate coastlines largely consists of kelp-
derived detritus, although this has been shown to vary during periods of upwelling and downwelling. 
For example, a study by Dyer et al., (2019) using stable isotopes and C:N ratios of particulate 
organic carbon (POC) characterised the composition of POM from within a kelp forest to 
perpendicularly offshore during periods of upwelling and downwelling. The results showed that kelp-
derived particulate matter composed most of the POM contribution (>70%) during downwelling 
periods. Under upwelling periods, phytoplankton communities were found to be the largest 
contributor to the total POM measured, highlighting the significance of ocean coastal process in 
regulating the source of POM. The study also showed the contribution to the total POM measured 
was not limited to within kelp forests themselves but instead extended at least 7.5 km offshore, 
shedding light on kelp forests’ larger contribution to nearby and distant marine ecosystems. Kelp-
derived particulate POM, pieces of detrital kelp, and whole kelp can be transported by ocean 
currents to reach deep, offshore ecosystems. For example, a study by Filbee-Dexter and Scheibling 
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(2014) investigated the spatial patterns and predictors of algal subsidy in deep subtidal 
environments along the Nova Scotia coast. Using a combination of towed-video surveys and 
bathymetry data, the authors were able to create a map of algal drift subsidy to the deep subtidal, 
providing evidence for the large spatial extent of the subsidy to offshore ecosystems. 

In much of the past work investigating the contribution of kelp to nearshore and offshore POM 
content, the focus was on kelp-derived material and pieces of kelp. However, individuals whose 
pneumatocyst have not been compromised are able to float at the surface have not been 
considered. Floating kelp may consist of solitary individuals or a kelp raft, which is an entanglement 
of individuals (Hobday, 2000b; Tala et al., 2013; Craw and Waters, 2018). Floating kelp and kelp 
rafts will eventually sink by various interacting abiotic and biotic factors or are deposited on nearby 
or distant shorelines (Rothäusler et al., 2011; Graiff et al., 2016; Macaya et al., 2016). The transport 
of kelp and kelp rafts by oceanographic processes has been a focus of research due to both the 
ecological and socio-economic importance of such processes.  

1.2.4 Kelp flotsam 

The extant literature focuses on kelp rafts and not solitary individuals; therefore, the studies 
investigating macroalgae rafts will be the focus of this review. The lack of research on single kelp 
and focus on kelp rafts with sizes particular to that situation gives further support for my 
consideration of site-based morphology of the single floating kelp approach, which is the focus of 
this research.    

Dispersal is recognised as an important driver of biodiversity, composition, and structure of 
ecological systems in the marine environment (Highsmith, 1985; Helmuth et al., 1994; MacArthur 
and Wilson, 2001; Jackson and Sax, 2010; Bernardes Batista et al., 2018). These processes are 
largely dependent on currents for dispersal of migrant populations, which ultimately promote the 
connectivity of marine ecosystems (Mackas et al., 1985; Zakas et al., 2009; Bernardes Batista et al., 
2018). This is particularly true for organisms which lack pelagic larvae and are reliant on other 
modes of transport to reach new habitats through passive modes of dispersal from anthropogenic 
and natural sources (Thiel and Gutow, 2005). Anthropogenic sources include marine litter and 
structural debris, while examples of organic sources include pumice and macroalgae in the form of 
rafts. Macroalgae rafts have been identified as an important mode of passive dispersal of marine 
organisms, such as invertebrates (Helmuth et al., 1994; Wichmann et al., 2012), epiphytes (Macaya 
et al., 2016), grazers (Nikula et al., 2010), invasive species (Lewis et al., 2005) and other 
macroalgae (Macaya et al., 2005) which either make landfall or are transported offshore where they 
eventually sink. A macroalgal raft consists of an entanglement of macroalgae (one or multiple 
species) which have been dislodged from the benthic environment through hydrodynamic forces 
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(mostly storms) and are positively buoyant by means of gas-filled pneumatocyst and/or reproductive 
organs (Thiel and Gutow, 2005). Macroalgae can float vast distances (Thiel and Gutow, 2005; 
Fraser et al., 2011) and are considered important dispersal vectors in temperate latitudes, such as 
the Southern California Bight (Hobday, 2000a; b). 

Macroalgal raft abundance has been shown to vary temporally and spatially in the ocean and 
around coastlines, which is dependent on seasonal growth patterns which ultimately influence the 
overall biomass of seaweed. For example, studies investigating the dispersal patterns of Sargassum 
in the West Pacific show increased abundance during growth seasons (spring and summer) as more 
biomass is available to fragment (Deysher and Norton, 1981; Kingsford, 1992). Temporal variability 
may also be related to seasonal storm frequency, where more storms in a particular season relate to 
an increase in kelp raft abundance. For example, a study by Kingsford (1995) investigated the 
contribution of Macrocystis pyrifera (Linnaeus) C. Agardh rafts to habitat complexity in pelagic 
environments. The authors found that the abundance of M. pyrifera rafts increased during seasons 
where storms occurred more frequently. 

The trajectory of macroalgal rafts is determined by a combination of oceanographic conditions and 
biological processes. Since kelp floats, evidence points primarily to wind-driven surface currents as 
the main driver, although the relative importance of wind versus surface currents is largely unknown. 
For example, a study by Harrold and Lisin (1989) used radio-trackers on both natural and artificial 
M. pyrifera rafts to investigate seasonal trajectory patterns. The results showed that tracked rafts 
were mostly deposited near the source population and that seasonal wind direction was the primary 
driver of trajectory for kelp rafts submerged roughly ~0.5–1 m below the surface Harrold and Lisin 
(1989). However, the authors did note the influence of surface currents for some of their 
experiments when winds relaxed, which suggests that surface currents may play a more significant 
role in determining the trajectory for macroalgal rafts less exposed to wind or when prevailing winds 
are weak. The field of Lagrangian trajectory modelling has offered new opportunities for 
investigating the role of wind and surface currents and other oceanographic processes such as 
Stokes drift in influencing macroalgal trajectory. The advances made in the field of Lagrangian 
trajectory modelling have allowed for more insight into the influencers of macroalgal rafts, with 
particular attention to windage/wind drag. Windage, or wind drag, has been recognised as an 
important influencer of the trajectory of other drifting flotsam (Jutzeler et al., 2020; Olascoaga et al., 
2020; Durgadoo et al., 2021).  

Depending on the direction of the surface current and wind, the direct effect of wind can manifest 
differently. If the current direction is in the same direction as the wind, flotsam will experience 
momentum energy transfer resulting in a further distance travelled and increased velocity. If the 
wind is in the opposite direction to the current, flotsam will experience wind drag as a result of 
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frictional forces acting on the surface area above the water line. In both cases, the magnitude of the 
effect is dependent on the amount of surface area exposed to air and the shape of the object (Allen 
and Plourde, 1999; Breivik et al., 2011; Cardoso and Caldeira, 2021; Durgadoo et al., 2021). In 
addition, both manifestations of windage result in changes in velocity, ultimately exposing the 
floating object to different time-varying flows (Allen and Plourde, 1999; Breivik et al., 2011; Cardoso 
and Caldeira, 2021; Durgadoo et al., 2021). 

The effect of windage are aspects that more recent work has focused on concerning macroalgal 
rafts. Work by Brooks et al. (2019) used the radial size of Sargassum rafts in the calculation of 
inertia induced by the direct effect of wind. The authors found that the inclusion of inertia increased 
accuracy of modelled trajectories. Putman et al. (2020) used an ad-hoc windage estimate to 
investigate the role of wind under different magnitudes on macroalgal raft trajectory. An ad-hoc 
windage estimate is usually based on experimental work and generally consists of a percentage of 
the total wind velocity or an estimate based on current velocity (Bryan et al., 2004). Putman et al., 
(2020) showed that the inclusion of windage greatly improved the accuracy of modelled to observed 
trajectories, including better representation of entrainment in mesoscale ocean features. Clearly, the 
effect of wind is an important aspect that needs to be taken into account for future studies. However, 
none of the extant research on the subject considers hydrodynamic drag in influencing macroalgal 
trajectory patterns. In addition, no current research investigates alternative methods which may be 
able to account for the highly variable morphological characteristics of macroalgae into account with 
regard to various forms of drag (hydrodynamic and wind). 

1.2.5 Kelp in South Africa 

The biogeographic distribution of kelp is limited by seawater temperature (Bolton, 2010), where 
increasing temperature gradients reduce kelp distribution. Due to this limiting factor, the two main 
species of kelp in southern African waters, E. maxima and L. pallida, are distributed along a section 
of the south coast from De Hoop, extending west around the Cape Peninsula, and thriving north into 
Namibia (Molloy and Bolton, 1996; Stegenga, 1997).  

This distribution follows a temperature gradient, where sea temperatures increase as one moves 
south from Namibia, around Cape Point and towards De Hoop. Although the two species occur 
together for the majority of the coast, their basic morphologies and resource needs vary to a degree. 
The larger species, E. maxima, is distributed from Lüderitz to Cape Agulhas (Fig. 1) (Bolton and 
Levitt, 1985; Probyn and McQuaid, 1985; Bolton and Anderson, 1987; Bolton et al., 2012). 
Characterised by a large distal swollen bulb filled with gas and smooth fronds, this species grows to 
approximately 10 meters (Bolton and Anderson, 1987). There was, however, a 17-meter specimen 
collected in 2015 off Cape Point (Smit, unpubl. data). This species of kelp not only dominates the 

http://etd.uwc.za/



 

 11 

biomass of the South African nearshore but plays an important ecological role (Bustamante and 
Branch, 1996). The estimated productivity of E. maxima within South Africa varies between 350 and 
1500g Cm-2yr-1 (Mann 1982).  

Across most of the coastline, L. pallida remains a subsurface kelp, dominating the kelp biomass at 
depths greater than 10 meters (Field et al., 1980; Bolton and Anderson, 1987; Molloy and Bolton, 
1996). This species is distributed from Danger Point, east of the Cape Peninsula, to Rocky Point in 
northern Namibia, and reaches depths of greater than 20 meters (Field et al., 1980; Molloy and 
Bolton, 1996; Stegenga, 1997). Towards the north along the west coast, from around Hondeklipbaai, 
L. pallida replaces E. maxima as the dominant kelp species (Velimirov et al., 1977; Stegenga, 1997) 
and also occupies increasingly shallow subtidal regions. The northern populations also exhibit an 
increase in stipe hollowness compared to the solid stipe morphs in the species’ southern 

distributions (Molloy and Bolton, 1996). This variation in morphology was thought to represent two 
distinct species, with the northern populations formerly described as Laminaria schinzii Foslie 
(Molloy and Bolton, 1996). Genetic work has subsequently shown that the two morphs are, in fact, 
the same species (Rothman et al., 2017b).  

Most of the ecological research conducted in recent years has been focused on the impact of 
harvesting activities on kelp forests. For example, the effect of harvesting on the regrowth of 
epiphytic species (Anderson et al., 2006), understory algae species (Levitt et al., 2002), population 
structure and recovery of kelp populations (Rothman et al., 2006), morphological characteristics 
(Rothman et al., 2017), and regrowth from different harvesting methods (Rothman, 2006). In 
general, kelp forests on the Atlantic side of the Cape Peninsula have higher recovery and regrowth 
rates compared to populations within False Bay and the southern coastline. The higher regrowth 
and recovery rates of Atlantic kelp populations are due to the ideal temperate waters and the 
frequency and magnitude of upwellings which provide important nutrients to nearshore communities 
on the Atlantic side. In contrast, False Bay kelp populations are limited by nutrients and a non-ideal 
temperature environment. 

Despite the ecological and economic importance of South African kelp forests in terms of organic 
subsidy and biomass input into near and distant systems, no research has attempted to describe or 
investigate the spatial and temporal distribution of floating kelp for the region. The only work 
investigating the input of kelp into local and adjacent ecosystems is by Dyer et al., (2019). The 
authors used stable isotopes of chl a C:N ratio, particulate organic carbon, and total suspended 
solids to characterise the composition of POM from within a kelp forest to perpendicularly offshore 
during periods of upwelling and downwelling. The results showed that kelp-derived organic matter 
was the main component of POM, while the opposite was true for upwelling periods. Other work has 
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shown the reliance of intertidal consumers on kelp-derived organic matter (Bustamante and Branch, 
1996) and the extent of the in-situ biomass inventory around the coastline (Anderson et al., 2007). 

In order to shed light on the role of water motion as an influencer of kelp morphological 
characteristics, the advances made in hydrodynamic modelling will be used rather than the 
qualitative measures of wave exposure used in the past. The advances in quantifying wave energy 
have primarily been through the incorporation of Linear Wave Theory. 

1.3 Hydrodynamic modelling 

Wave exposure may be modelled through various methods, which range from simple cartographic to 
more advanced numerical wave models. Traditional ecological measures of wave exposure usually 
incorporate integrative measures of hydrodynamic conditions at a particular site (Sundblad et al., 
2014; Callaghan et al., 2015). Cartographic models can be qualitative or quantitative and are 
designed to meet the need for wave exposure measures to explain ecological distributions. 
Cartographic models comprise simple sets of calculations on coastline and wind data, and relatively 
small input data sets are required (Sundblad et al., 2014). These are regarded as ‘fetch-based 
models,’ which measure the length of open water associated with a site along a straight line 
(Sundblad et al., 2014; Callaghan et al., 2015). The output of such an approach is a simplified 
estimate of the potential wave energy for a specific set of sites. Advances in cartographical methods 
using fetch-based approaches allow for wave exposure measurements of larger areas and could be 
used as a method for predicting macroalgal community structure (Hill et al., 2010; Sundblad et al., 
2014). An example of such a model is the ‘BioEx model’, developed by Rinde et al. (2004) to 
estimate wave exposure over large regions. BioEx requires frequency, strength and direction of 
winds, weighted by degree of exposure within various directions. BioEx is calculated as the sum of 
the index developed at different spatial scales (local, fjord and open) and has been used in mapping 
marine coastal biodiversity. Lindegarth and Gamfeldt (2005) criticised this approach, arguing that 
the choice of wave exposure method can influence ecological inference. The authors also 
highlighted the need for objective, reproducible and quantitative studies comparing exposure indices 
(Lindegarth and Gamfeldt, 2005).  

Other authors, such as Hill et al. (2010), have argued that these simple measures can be improved 
upon by including bathymetry data which allows the incorporation of diffraction into the calculation. 
Diffraction is topographically induced variations in wave direction. A model incorporating this 
complexity was developed by Isaeus (2004) and is known as the ‘simplified wave model’ (SWM). 
The SWM model uses measurements of wind strength, fetch, and empirically derived algorithms to 
mimic diffraction. Advances in numerical modelling have been founded on physical wave theory 
which describes how a wave ‘behaves.’ This approach is based on a theoretical perspective rather 
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than the need to answer ecological questions (Sundblad et al., 2014; Callaghan et al., 2015). 
Besides diffraction, numerical models incorporate more complexity by including wind forcing, wave-
to-wave interactions and energy loss due to friction and wave breaking. Numerical models have a 
variety of applications and are often incorporated within hydrodynamic general circulation models 
and are used operationally for forecasting the sea state (Group, 1988; Booij et al., 1999; Smith et al., 
2001).  

The downside of advanced numerical models is that they are computationally intensive, which 
creates limitations for large-scale simulations. Therefore, their application along long stretches of 
variable coastline, inshore environments and ocean-wide simulations are limited due to the poor 
spatial coverage. However, numerical models can be designed for local or site-specific coverage, 
provided the correct data is available (Sundblad et al., 2014). Most models have been designed with 
a specific goal or objective in mind, and so no single model exists that is appropriate for all situations 
or applications (Hill et al., 2010; Sundblad et al., 2014). Although models are ‘situation-specific,’ 
completed models can set the foundation for future models with regard to resolving critical 
oceanographic processes, identifying gaps, and identifying important tracer coefficients (North et al., 
2009). 

Hydrodynamic models use the same primitive equations as ocean models, which calculate 
velocities, turbulence, temperature, salinity, and density (Booij et al., 1999; North et al., 2009). The 
equations used in hydrodynamic modelling need to be ‘discretised,’ which means the equations are 

formulated to be evaluated at discrete temporal and spatial points (Booij et al., 1999; North et al., 
2009; Sundblad et al., 2014). Additionally, hydrodynamic models use similar approaches to the grid 
and coordinate structures. Advances in numerical modelling have gained much traction in recent 
years and have been applied in a variety of ways with regard to ecological studies.  

For example, a study by Wang and Xia (2009) used the Delft3D-Flow model to assess the hydraulic 
suitability of a stream as a spawning ground for the Chinese Sturgeon (Acipenser sinensis Gray, 
1835) in the Yangtze River. The authors calculated the mean horizontal velocity, which was used to 
assess the hydraulic environment of the spawning ground. The flow field state was determined 
through model simulation and field-measured data used to validate the model. The results were 
added to existing scientific databases for spawning ground hydraulic environmental protection. 
Different numerical models can often be integrated to model across ecosystem levels. For example, 
a study by León et al., (2003) used integrated physical (Delft3D hydrological model), and 
biochemical (Agricultural Non-point Source model) processes models to investigate the possible 
impact on the Lake Malawi water quality due to management actions performed on the watershed 
level. 
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The investigation of the role of wind and hydrodynamic drag in influencing floating kelp trajectory 
once dislodged and ultimately using these insights to describe the distribution of kelp on the surface 
and seafloor within the study region will require the use of ocean models.  

1.4 Trajectory modelling 

Understanding the distribution of objects floating on the ocean surface has been an area of active 
study across many disciplines; ranging from finding lost cargo, search and rescue applications, the 
distribution of plastics (Lebreton et al., 2012; Jalón-Rojas et al., 2019; Li et al., 2020), trajectories of 
tuna populations (Phillips et al., 2018), marine connectivity (Siegel et al., 2003; Pujolar et al., 2013; 
Rossi et al., 2014), and volume transport of tracer content (Jönsson et al., 2011; Cheng et al., 2015; 
Chenillat et al., 2015) as a few examples. In turn, the importance in describing transport patterns of 
the ocean cuts across disciplines and benefits in both the environmental and socio-economic 
spheres of society. Both Eulerian and Lagrangian approaches are different sides of the same coin, 
being two different mathematical based approaches to solve for the flow patterns of the ocean 
and/or associated tracer content (Bennett, 2006; North et al., 2009; Van Sebille et al., 2018). Both 
methods have benefits and limitations depending on the situation, and therefore work well in 
combination as they complement each other (Wong et al., 2021). They can be used in combination 
as they are both based on the same mathematical framework known as the kinematic framework 
(Van Sebille et al., 2018). 

1.4.1 The kinematic framework 

The kinematic framework is the traditional method used to describe fluid motions and is fundamental 
to how both the Eulerian and Lagrangian methods describe flows in the ocean and/or the associated 
tracer content (Bennett, 2006; North et al., 2009; Van Sebille et al., 2018). The kinematic framework 
treats fluid particles as a continuum, in other words, a continuous distribution of mass in spaces, 
which can be described by Eulerian or Lagrangian methods (Wong et al., 2021). The Eulerian 
description has space coordinates 𝑥 = (𝑥, 𝑦, 𝑧) and time 𝑡 as the independent variables, and velocity 
𝑣(𝑥, 𝑦, 𝑧, 𝑡), mass density 𝑝(𝑥, 𝑦, 𝑧, 𝑡), and pressure 𝑃(𝑥, 𝑦, 𝑧, 𝑡) as dependent variables (Bennett, 
2006; Van Sebille et al., 2018; Wong et al., 2021). This is the reason why the Eulerian approach is 
often described as based on characterising fluid motion within a reference frame that is fixed in 
space and time since these are independent variables forming the basis of numerical ocean 
circulation models (Wong et al., 2021). For the Lagrangian description, the independent variables 
are a set/s of particle labels 𝑎 = (𝑎, 𝑏, 𝑐) and time 𝑡, while the dependent variables are the 
coordinates, 

𝑥(𝑎, 𝑏, 𝑐, 𝑡), 𝑦(𝑎, 𝑏, 𝑐, 𝑡), 𝑧(𝑎, 𝑏, 𝑐, 𝑡) 
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( 1.2 ) 
 
at the time 𝑡 of the fluid particle identified by (𝑎, 𝑏, 𝑐) (Bennett, 2006; Van Sebille et al., 2018; Wong 
et al., 2021). Unlike the Eulerian description, the particle moves based on the underlying velocity 
field within a time-dependent variable known as a ‘trajectory’ (Bennett, 2006; Van Sebille et al., 
2018; Wong et al., 2021). The particle set labels are known as the material coordinate that 
distinguishes a particle from a continuum. The Lagrangian description uses Eulerian described 
velocity fields for a particular flow field to describe the motion/trajectory of fluid particles. It should be 
noted that alternatives for an underlying flow-field for Lagrangian trajectory description to the 
standard Eulerian flow-field do exist and have been used in previous work. For example, there has 
been application of surface geostrophic velocities derived from satellite altimetry data (Klocker et al., 
2012; d’Ovidio et al., 2015) and high frequency (HF) radar (Ullman et al., 2006). 

1.4.2 Eulerian and Lagrangian approaches 

In both the Eulerian and Lagrangian sense, a fluid particle is described as a microscopically large 
collection of molecules where the particle velocity is a mass-weighted mean, known as barycentric 
velocity (Bennett, 2006; Van Sebille et al., 2018). Eulerian and Lagrangian approaches can be 
coupled together mathematically by equating the particle velocity crossing a point in a fixed space 
(Eulerian) to the fluid velocity at a particular point in time (Bennett, 2006; Van Sebille et al., 2018; 
Wong et al., 2021). Considering the different independent and dependent variables between each of 
the approaches the previous description can be expanded such that, 

(𝐷𝑡(𝑎, 𝑡)/𝐷𝑡)𝑎 = 𝑣(𝑥, 𝑡) 

( 1.3 ) 
where 𝑋(𝑎, 𝑡) = 𝑥. It should be noted that the symbol 𝐷 is used to be able to distinguish the material 
time derivative (the particle set label described earlier) from the general time derivative which is 
given by the velocity fields at a particular point in time (Bennett, 2006; Van Sebille et al., 2018; 
Wong et al., 2021). 

𝐷𝑥/𝐷𝑡 = 𝑣(𝑥, 𝑡) 

( 1.4 ) 
This provided a mathematical basis for Lagrangian fluid analysis (North et al., 2009). In the realm of 
geophysical fluid dynamics, the trajectories of tracers using a combined approach often consider the 
underlying flow field as a collection of stream tubes which are only valid for steady-state flows (Döös 
et al., 2013). The ocean, from a mathematical sense, is composed of time-varying flows, making the 
use of stream tubes and steady-state flows invalid (Bennett, 2006; Van Sebille et al., 2018). For this 
reason, ocean models and oceanographers have developed various ways in which to incorporate 
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time-dependent flows or by introducing separate diffusion equations to account for the turbulence in 
the ocean (Bennett, 2006; Van Sebille et al., 2018).  

These concepts are a focus of pure oceanography and therefore do not fall within the scope of the 
study. The concept is merely highlighted as it is a fundamental underpinning of Lagrangian trajectory 
analysis and leads to the two different approaches which can be used (Bennett, 2006; Van Sebille et 
al., 2018). The particles can be modelled as a volume transport pathway or a tracer transport 
pathway, the use of which depends on the application or question (Döös et al., 2013). 

 

 

1.5 Ocean aspects of flotsam dispersion 

The trajectory of passively drifting objects on the sea surface is influenced by multiple factors, such 
as water currents, atmospheric wind, wave motion, wave-induced currents, gravitational force, and 
buoyancy force. To complicate matters, the previously mentioned factors do not act independently 
but instead influence one another. Furthermore, the magnitude of forces on the object are 
determined by the object’s shape. Therefore, all these factors need to be taken into account when 
modelling the trajectory of drifting objects. Given the local wind, surface current, and the shape and 
buoyancy of the object are known, it is possible to estimate trajectory. 

The ocean processes which influence the dispersion and trajectory of flotsam occur over a range of 
spatial and temporal scales. For example, the spatial extent of ocean eddies is between 50 - 100km 
across and persists for months or even years, while eddy-associated filaments exist between 1-
10km and persist for days to weeks (Fossette et al., 2012; Van Sebille et al., 2020). Therefore, the 
flow of the ocean is a composite of all the physical ocean processes which overlap spatially and 
temporally. Ocean currents are defined as the continuous, predictable, directional movement of 
seawater driven by differences in pressure, water density, and wind. The wind is a result of the 
combined effects of differential heating of the sea surface from solar radiation and the Coriolis effect 
from the spinning of the earth (Fossette et al., 2012; Van Sebille et al., 2020). The horizontal flow of 
the ocean can be divided into two categories, surface currents and deep-water currents, both of 
which are important transport mechanisms of heat and energy in the ocean. Surface currents, 
usually limited to 400m depth, are driven by the frictional forces of wind as it blows over the ocean 
surface (Fossette et al., 2012; Van Sebille et al., 2020). This pushes the upper layers of water along 
with it in the direction of the wind. Wind-driven surface currents are responsible for large-scale 
horizontal flow in the ocean, known as Ekman currents. 
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1.5.1 Ekman currents 

Large-scale circulation patterns are driven by a combination of surface wind and the force of the 
earth’s rotation (Coriolis force) which leads to the formation of Ekman transport (Rossby and 

Montgomery, 1935; Price et al., 1987; Fossette et al., 2012; Van Sebille et al., 2020). Ekman 
transport is the manifestation of frictional induced mass transport perpendicular to the wind direction 
and therefore deflects to the right in the Northern Hemisphere and to the left in the Southern 
Hemisphere (Rossby and Montgomery, 1935; Stommel, 1948; Fossette et al., 2012; Constantin, 
2021). The surface deflection flow occurs at approximately 45°, which also generates shear stress 
on the water layer below and deflecting at a smaller angle than 45° (Fossette et al., 2012; El-
Nabulsi, 2019; Van Sebille et al., 2020). This continues vertically down the water column until the 
direction of the current is in the opposite direction to the surface flow with almost zero velocity, 
ultimately forming a spiral, as depicted in Figure 1:1 (Price et al., 1987; El-Nabulsi, 2019; Van 
Sebille et al., 2020; Constantin, 2021). However, this may vary according to the region of study. 
Recent work by Bressan and Constantin (2019) showed that wave-induced ocean flow in the arctic 
and low-latitude areas of the ocean deviates from classical Ekman theory and deflects at an angle 
closer to 30°. The authors attribute the deviation to vertical turbulent mixing of the upper-ocean 
layers with depth and propose a modified formula for calculating the deflection angle to incorporate 
the differential vertical mixing (Bressan and Constantin, 2019). 

 

Figure 1:1 A schematic from Wegman (2020) representing the Ekman spiral and the associated Ekman mass transport. 
The length of the arrows is representative of the magnitude of velocity. 
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The total Ekman mass transport is calculated by integrating the flow velocities over the depth of the 
Ekman spiral. Ekman transport, the combined effects of wind and sea surface, creates variations in 
sea-surface height, consequently developing layers of differential horizontal pressure (Rossby and 
Montgomery, 1935; Price et al., 1987; Fossette et al., 2012; Constantin, 2021). In turn, the pressure 
gradient gives rise to geostrophic currents (Fossette et al., 2012; El-Nabulsi, 2019; Van Sebille et 
al., 2020; Constantin, 2021). 

1.5.2 Geostrophic currents 

Geostrophic currents are characterised by the balance of forces, namely the pressure gradient force 
and the Coriolis force (El-Nabulsi, 2019). Pressure gradient forces move water masses from a 
region of high pressure to a region of low pressure. Therefore, when the pressure gradient force 
equates to the Coriolis force, the resulting flow moves along lines of equal pressure, known as 
isobars (El-Nabuls,i 2019; Constantin, 2021). The direction of geostrophic flow is dependent on the 
hemisphere in which the flow develops (El-Nabulsi, 2019; Constantin, 2021). In the Northern 
Hemisphere, flow is directed to the right, and in the Southern Hemisphere is directed left. The 
orientation of geostrophic flow is largely responsible for the clockwise rotational flow in the 
subtropical gyres, along with the Coriolis effect (El-Nabulsi, 2019; Van Sebille et al., 2020; 
Constantin, 2021). The geostrophic currents formed across basin-scale areas in the ocean are often 
slow flowing and in full geostrophic balance. The rate of flow (speed) directly influences the stability 
of geostrophic flow; if speeds rise above a threshold, geostrophic balance begins to degrade and 
becomes unstable. Destabilised geostrophic balance through increased flow rate is a characteristic 
of narrow and fast-flowing Western Boundary Currents (WBCs) (Van Sebille et al., 2020). Examples 
of WBCs are the Gulf Stream, Kuroshio Current, and the Agulhas Current (Van Sebille et al., 2020). 
Due to the high flow rate, WBC are only considered to be in approximate geostrophic balance. The 
instability of WBCs are a large source of mesoscale and submesoscale development. Decaying of 
geostrophic balance leads to boundary currents becoming unstable, which leads to meandering of 
the outer boundary flow (El-Nabulsi, 2019). Once the meandering boundary currents accumulate 
enough kinetic energy, they break away from the overall geostrophic flow patterns in the form of 
filaments and eddies. 

1.5.3 Eddies 

Most of the detectable eddies in the ocean form from baroclinic instabilities. The heterogeneous 
characteristics of the ocean create variation and instabilities in water mass saline and 
thermodynamic properties, developing open-ocean boundaries between water masses (Holland and 
Rhines, 1980; Bakun and Nelson, 1991; Bakun, 2006). This, combined with the Coriolis effect and 
wind, create instabilities along these boundaries, causing vortices of spinning water to develop, 
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known as eddies (Figure 1:2). The spatial extent of eddies ranges from the mesoscale (10-100km), 
persisting for months or even years, to the submesoscale (1-10km), persisting for days or weeks 
(Morrow and Le Traon, 2012; Pegliasco et al., 2015; Van Sebille et al., 2020). The rotation of ocean 
eddies does not only exist on the surface but also extends vertically through the water column. 
Ocean eddies also have a ‘centre,’ which acts as an important surface accumulation zone for 
flotsam (Brach et al., 2018) as well as the vertical transport of heat, salinity, and nutrients (Jayne 
and Marotzke, 2002). For example, eddies are considered the main mechanism of transport of heat 
for the Antarctic Circumpolar Current (ACC) (Karsten et al., 2002a;b). This is due to the upwelling 
and downwelling characteristics of both cyclonic and anti-cyclonic eddies (Bakun and Nelson, 1991; 
Bakun, 2006). This is dependent on whether the eddy is “spinning-up” due to frictional forcing from 

adjacent flow patterns or “spinning-down” when the eddy moves away from the formation source 

and begins to decay (Bakun, 2006). Along with vertical transport, ocean eddies are also recognised 
as an important zone of surface accumulation of flotsam (Van Sebille et al., 2020). This is due to the 
convergent and divergent flow patterns associated with ocean eddies (Jayne and Marotzke, 2002; 
Bakun, 2006; Morrow and Le Traon, 2012; Pegliasco et al., 2015). For example, an anti-cyclonic 
eddy that is spinning-up will be characterised by convergent flow patterns on the surface. The 
surface convergent flow patterns can occasionally develop into convergent 

 

Figure 1:2 The forces that exist within a cyclonic eddy (left) and an anti-cyclonic eddy (right) located in the Northern 
Hemisphere as depicted by Bakun (2006). Anti-cyclonic eddies spin clockwise in the Southern hemisphere. The length of 
the arrows depicting the various forces represents the magnitude of the force. The dotted 'L' and 'H' represent 'low' and 
'high' sea surface topography. The forces would be identical for an anti-cyclonic eddy but in reverse. 

frontal structures, which move within the interior of the eddy (Bakun, 2006; Morrow and Le Traon, 
2012). The opposite is true for spinning-up cyclonic eddies, which are characterised by divergent 
horizontal flow patterns (Spall, 1995; Bakun, 2006). The divergent flow patterns on the surface can 
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develop into submesoscale eddies and filaments through frictional and shear forces of adjacent flow 
patterns (Bakun, 2006; Morrow and Le Traon, 2012). Flow patterns and upwelling-downwelling 
characteristics also differ between the centre and the interior flow patterns (Bakun, 2006; Pegliasco 
et al., 2015). Ocean eddies which exhibit interiors of upwelling and divergent flow, are associated 
with convergent flow and downwelling near the edges (Bakun, 2006; Morrow and Le Traon, 2012; 
Pegliasco et al., 2015). In contrast, eddies with interiors of downwelling and divergent flow are 
associated with upwelling and convergent flow on the outer edges. The convergent/divergent and 
upwelling/downwelling dynamics of ocean eddies make them important mechanisms of dispersal 
and accumulation of flotsam, as well as transport of natural and anthropogenic material and marine 
organisms (Brach et al., 2018). In areas where large-scale ocean eddies develop, such as in the 
North Atlantic (Halliwell Jr et al., 1991), boundaries of water masses evolve from the periphery 
leading to the development of ocean fronts (Spall, 1995). 

1.5.4 Ocean fronts 

Ocean fronts, also known as surface fronts, are boundaries of water masses with different saline 
and thermodynamic properties (Saltzman and Tang, 1975; Bakun, 2006). The presence of different 
types of water masses is commonplace in the ocean. When in close proximity, the water masses 
interact at the boundaries and mix to form a new intermediate body of water at the interface, which 
results in the development of convergence zones on the surface and vertical transport of water from 
the surface (Figure 1:3) (Nardelli et al., 2001; Haine and Williams, 2002; Bakun, 2006). The 
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Figure 1:3 Schematic by Bakun (2006) of a front between two different water masses. Arrow symbols represent density-
driven flows associated with the formation of a front. The particles in the water represent non-buoyant material and the 
vertical transport, while the cylinders at the surface represent buoyant flotsam accumulating at the boundaries. 

intermediate water mass acts like a boundary, forcing the less dense water masses to flow under 
denser water masses (Haine and Williams, 2002). The result is the vertical transport of water 
downwards through the water column while also forming a convergence zone at the interface 
between the different water masses (Vélez-Belchı́ and Tintoré 2001; Bakun, 2006; Taylor and 
Ferrari, 2011). The vertical transport of water that develops at the interaction between ocean fronts 
plays a significant role in the diurnal cycle of plankton and fish larvae (Lutjeharms et al., 1985; 
Claustre et al., 1994; Taylor and Ferrari, 2011; Ryan et al., 2014). Non-buoyant particles or 
organisms, such as microplastics and phytoplankton, will be transported downwards along with the 
vertical ocean flow (Nardelli et al., 2001; Vélez-Belchı́ and Tintoré 2001; Bakun, 2006). Buoyant 
particles, such as macroplastics and kelp, will remain on the surface and accumulate over time at 
the interface between the different water masses (Lutjeharms et al., 1985; Haine and Williams, 
2002; Bakun, 2006). Once the lifespans of the ocean fronts expire, the accumulated material will 
disperse from the source. For example, A study by D’Asaro et al., (2018) released and tracked an 
ensemble of satellite-tracked drifters near the site of the 2010 Horizon Oil Spill. At the end of the 
fieldwork, the authors noted that the drifters accumulated along cyclonic vorticity-associated density 
fronts. Furthermore, the accumulation of drifters persisted for the lifespan of the fronts, after which 
the drifters dispersed. 
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1.5.5 Drag parameters 

Drag is a force that has not been considered for macroalgal raft trajectory. However, the role of drag 
is considered an important aspect of ocean flotsam trajectory and, therefore, is the focus of this 
review. Drag is the force an object experiences when moving in a fluid due to the rate in change of 
momentum (Vogel, 2020). The drag around the surface of an object due to the viscosity of the 
medium is surface drag. The drag induced by a quantity of fluid moving around the object is known 
as pressure-form/-inertial drag. In general, large objects moving at higher velocities tend to induce 
larger drag forces; however, this is not always the case. In some instances, the flow around the 
object changes from laminar to turbulent, which ultimately reduces overall drag. The type of flow, 
laminar or turbulent, is determined by fluid density (p), flow speed (U), object size (l) and fluid 
viscosity (v) (Vogel, 2020). These factors can be used to calculate the Reynolds number, which is 
used to determine the type of flow. The expression used can be dependent on whether the fluid is 
Newtonian or non-Newtonian and the object shape (Vogel, 2020). 

The drag coefficient is the fluid dynamic drag or is also known as the hydrodynamic drag, but from 
here on, it will be referred to only as drag. The drag on an object is a combination of skin friction and 
form drag, the magnitude of which is determined by the characteristics of the object and the medium 
in which the object is moving (Vogel, 2020). For instance, skin drag is determined by the 
“roughness” of the object’s surface, and the form drag by the shape and size of the object (Salmon, 
1998; Vogel, 2020). An object which is moving through a liquid vertically will have multiple forces 
acting on it, namely the viscosity coefficient of the liquid (𝐹𝐴), the buoyancy force (𝐵𝐹) and the Drag 
(𝐹𝐷); provided the object’s density is greater than that of the density of the liquid (Vogel, 2020). The 
viscosity coefficient is dependent on the characteristics of the medium and the buoyancy force by 
the mass of the object and the gravitational forces acting on it (Salmon, 1998; Vogel, 2020). For the 
object in this example to move horizontally, some of the liquid needs to be displaced, which requires 
force (Vogel, 2020). This force gives the liquid a moment of inertia and is dependent on the shape of 
the object and, ultimately, the drag force acting on the object as it moves through the liquid. As an 
example, a short cylinder has less drag than that of a long cylinder as more liquid needs to be 
displaced for the object to move through the medium (Salmon, 1998; Vogel, 2020). Generally, the 
initial acceleration is ignored or considered negligible in Lagrangian particle tracking studies 
because the temporal resolution of the underlying ocean models used does not match the 
timescales relevant to the relatively rapid acceleration of the object (Allen and Plourde, 1999; 
Hackett et al., 2006; Breivik et al., 2011). 
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1.5.6 Sinking parameters 

Drifting objects floating on the sea surface are exposed to multiple environmental factors which 
determine the amount of time objects remain afloat, as shown by experimental work on macroalgae 
species (Thiel and Gutow, 2005; Rothäusler et al., 2011; Graiff et al., 2016; Macaya et al., 2016). 
The time that an object remains at the surface before it begins sinking is known as the ‘float-time’ or 
‘raft-time.’ Deterioration of the object by light, temperature, and biofouling all act to influence object 
raft-time. Biofouling is the attachment and accumulation of biological organisms on the surface of a 
submerged object (Ye et al., 1991; Long et al., 2015). Once the buoyancy of the object is 
overwhelmed, it begins to sink, the rate of which is dependent on the density, size, shape, and 
texture of the object, as well as fluid density and viscosity, known as the ‘sink rate’. In addition, the 
‘settling velocity’ must be calculated, which is an analogous term used for terminal velocity.  

The settling velocity, like the sink rate, is determined by the object and fluid medium properties. Most 
of the earlier work regarding sink rate of natural particles focused on sediments (Corey, 1949; Baba 
and Komar 1981), while in recent years, the focus has shifted to microplastics (Kooi et al., 2017; 
Lobelle et al., 2021). Most of the current understanding regarding sink rates and settling velocities is 
based on work by Dietrich (1982), who used experimental data from previous studies and 
systematic analysis to develop the method to calculate the sink rates and settling velocities of 
natural particles. The approach developed by Dietrich (1982) takes into account the size, shape, 
density, and roundness of natural particles. It should be noted that most of the past and present 
work has focused on small particles and not larger organisms such as kelp. To effectively calculate 
the sink rate and settling velocity of smaller particles, viscous drag becomes more important, while 
for larger objects, this can be ignored (Vogel, 2020). When an object begins to sink in a less dense 
Newtonian fluid, it will initially accelerate until the forces acting on it are in balance (Dietrich, 1982). 
The forces acting on a sinking object are dependent on the velocity and acceleration of the object, 
which are gravitational and resistant forces, i.e. drag forces. In the case of particle tracking studies, 
the velocity components of the ocean model at a particular time step can be used to calculate and 
investigate the influence of drag, as particles are often assumed to follow the ocean currents 
(Furnans et al., 2008; Van Sebille et al., 2020). The force due to the weight of the object/particle can 
be calculated by 

𝐹𝑔 = (𝑝𝑠 − 𝑝𝑜)𝑔𝑉 

( 1.23 ) 
where 𝑝𝑠 is the density of the object, 𝑝𝑜 is the density of the fluid, 𝑔 is the gravitational acceleration, 
and 𝑉 is the volume of the object. The forces are the surface and viscous drag forces acting on the 
particle. The relative contribution of these is dependent on Reynold’s number. The inclusion of 
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viscous drag forces is applicable to smaller particles, such as sand, sediment, and microplastics, 
and therefore will not be discussed further. The approach by Dietrich (1982) can be modified to suit 
a particular application. For example, work by Kooi et al. (2017) adapted the approach to include the 
effect of biofouling on sinking microplastic. More recently, work by Lobelle et al. (2021) used the 
‘Kooi-model’ to investigate the transport of microplastic in a three-dimensional flow by using a higher 
resolution of hydrodynamic and biological data. The authors showed that the inclusion of sinking, 
and particle size were important parameters when describing the dispersion of microplastics on the 
seafloor.  

1.6 Thesis structure and overview 

1.6.1 Investigating waves and temperature as drivers of kelp morphology 

Macroalgal morphological characteristics have been shown to be influenced by local environmental 
variables. Although light, turbidity, and nutrients do influence morphological characteristics to a 
degree, the main influences are considered to be temperature and wave exposure (Hurd, 2000; 
Denny and Gaylord, 2002; Thomsen et al., 2004; Fowler-Walker et al., 2005; Wernberg and 
Thomsen, 2005; Mabin et al., 2013; Bekkby et al., 2014). Kelp tends to take on strength-increasing 
or drag-reducing traits, which reduces the probability of dislodgement during times of high wave 
energy (Hurd, 2000; Denny and Gaylord, 2002; Thomsen et al., 2004; Fowler-Walker et al., 2005). 
Temperature affects overall size of the plant by altering the physiological performance, ultimately 
influencing productivity and growth (Zimmerman and Kremer, 1986; Gerard, 1997; Bearham et al., 
2013; Gao et al., 2013). Past research has often used quantitative measures of wave exposure and 
biased temperature data (Mabin et al., 2013; Smit et al., 2013), not taking advantage of 
hydrodynamic models and quality unbiased data. Therefore, In Chapter 2, my aims were: 

1. Determine how temperature and wave exposure can influence the morphology of sub-
canopy and canopy kelp at deep and shallow populations of the same species; and 

2. Identify specific temperature and wave metrics which drive kelp morphological 
characteristics. 

This will be achieved through the following Objectives: 

1. Develop a climatological temperature and modelled wave dataset to use as predictor for kelp 
morphology across the study area; and 

2. Apply the climatological and modelled data as predictors of the morphological characteristics 
of E. maxima and L. pallida using statistical tools. 
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1.6.2 Numerical experiment investigating the influence of drag on trajectory patterns of 
floating macroalgae 

Ocean currents act as an important dispersal mechanism of material on the ocean surface, both 
natural and anthropogenic (Edgar, 1987; Norton, 1992; Bushing, 1994; Holmquist, 1994; Helmuth et 
al., 1994; Smith, 2002; McCormick et al., 2008). Macroalgae are one of the most important natural 
dispersal vectors of marine organisms and are regarded as the ‘tumble-weed of the ocean’ (Edgar, 

1987; Norton, 1992; Bushing, 1994; Holmquist, 1994; Helmuth et al., 1994; Smith, 2002; McCormick 
et al., 2008). Despite many studies that exist on the topic (Helmuth et al., 1994; Kingsford, 1995; 
Hobday, 2000b; Smith, 2002; Macaya et al., 2005; Collins et al., 2010; Wichmann et al., 2012; 
Saunders, 2014; Graiff et al., 2016; Tala et al., 2013, 2017; Graiff et al., 2016; Batista et al., 2018; 
Brooks et al., 2018, 2019; Wang et al., 2019; Putman et al., 2018, 2020), the relative role of wind 
and surface currents in influencing the trajectory of macroalgal dispersal is still unknown. Past 
studies focussed on kelp rafts (Helmuth et al., 1994; Kingsford, 1995; Hobday, 2000b; Smith, 2002; 
Macaya et al., 2005; Collins et al., 2010; Wichmann et al., 2012; Saunders, 2014; Graiff et al., 2016; 
Tala et al., 2013, 2017; Graiff et al., 2016; Batista et al., 2018; Brooks et al., 2018, 2019; Wang et 
al., 2019; Putman et al., 2018, 2020), which can vary greatly in size making it difficult to form a 
consensus as to the relative role of wind versus surface currents. In addition, these studies have not 
considered surface-area in relation to drag characteristics of the macroalgae, both of which have 
been shown to play a role in the trajectory and accumulation of other flotsam (Brooks et al., 2018, 
2019; Putman et al., 2018, 2020). Advances in Lagrangian trajectory modelling have been rapid in 
recent years and allow the use of numerical experiments to investigate trajectories of flotsam in the 
ocean (Brooks et al., 2019, Putman et al., 2018, 2020). In this study, I aim to shed light on the 
relative role of wind versus surface currents and the role of drag in macroalgal trajectory and 
accumulation. Importantly, I focus on solitary drifting kelp and not kelp rafts. Therefore, in Chapter 3, 
my aims were to: 

1) To understand the direct role of hydrodynamic and wind drag in the transport of floating 
macroalgae. 

2) To identify and shed light on the role of relevant associated physical ocean processes. 

This will be achieved through the following Objectives: 

1) Use numerical simulations to compare the trajectory of purely Lagrangian particles to that of 
kelp particles (drag parameters included) 

2) Use varying degrees of hydrodynamic and wind drag to investigate the effects of different 
drag exposures on trajectory, as this relates to buoyancy. 
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3) Use different combinations of flow-fields to identify key physical ocean processes and 
features that influence macroalgal trajectory patterns. 

1.6.3 Individual-based numerical experiment to describe the distribution of floating kelp 
within the Southern Benguela Upwelling System 

Understanding macroalgal distribution patterns within the nearshore and the open ocean has been 
given much attention in recent years due to the importance in marine connectivity in both the 
ecological and socio-economic spheres (Griffiths et al., 1983; Highsmith, 1985; Holmquist, 1994; 
Kirkman and Kendrick, 1997; Hobday, 2000a; Thiel and Gutow 2005; Troell et al., 2006; Holden et 
al., 2018; Michaud et al., 2019; Gilson et al., 2021). Macroalgae act as an important source of 
organic input for coastal, nearshore and offshore ecosystems (Griffiths et al., 1983; Michaud et al., 
2019; Gilson et al., 2021). In addition, macroalgae are harvested in situ or in the form of beach-cast 
for a range of economic purposes (Kirkman and Kendrick, 1997; Troell et al., 2006; Holden et al., 
2018). Finally, kelps have been shown to act as a Blue Carbon sink due to their ability to sequester 
carbon dioxide and ultimately help regulate the climate (Bayley et al., 2017, 2021; Smale et al., 
2018; Filbee-Dexter and Wernberg, 2020). The ability to describe macroalgal distributions would 
shed light on the ecological role macroalgae play as an organic subsidy, dispersal vector for other 
organisms, kelps’ contribution to Blue Carbon, and would aid in the management of coastal 

ecosystems. Therefore, in Chapter 4, I aimed to: 

1) Characterise E. maxima’s surface and sink distribution with the Southern Benguela 

Upwelling System.  

This will be achieved through the following Objectives: 

1) By incorporating a site-specific parameterisation to the relevant drag and physical ocean 
processes identified in Chapter 3 and using multiple sites of known morphometric E. maxima 
properties to describe distributions on the surface and seafloor within the study domain. 

2) Characterise the distribution in terms of underlying physical ocean processes and mesoscale 
features. 

3) Identify any seasonal components to E. maxima trajectory patterns due to associated 
seasonal variation of physical ocean processes and features. 
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2 : Investigating waves and temperature as drivers of 
kelp morphology 

  
In this chapter, my aim was to understand how temperature and wave exposure can influence 
the morphology of sub-canopy and canopy kelp, as well as between deep and shallow 
populations of the same species, and to identify specific temperature and wave metrics which 
drive kelp morphological characteristics. Once established, this would allow for a site-specific 
approach to investigate the influence of hydrodynamic and direct windage (wind drag) on 
floating E. maxima in Chapter 3. The main findings from this chapter were: 

• Wave variables are the main driver of kelp morphological characteristics in both E. 
maxima and L. pallida populations. 

• Differences in morphological characteristics between shallow and deep populations of 
E. maxima reflect differences in hydrodynamic and temperature regimes. 

• Wave energy thresholds in relation to morphological adaptation were identified. 
• When wave exposure is low or insignificant, temperature regime is the main influencer 

of morphological adaptation. 
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2.1 Introduction 

Kelps are a group of large seaweeds of the order Laminariales (Ochrophyta), which despite their 
relatively low taxonomic diversity of species in genera (Bolton, 2010), form the basis of one of the 
most productive ecosystems globally (Mann, 1973; Krumhansl and Scheibling, 2012). Kelps 
generally have a dependence on cool-temperate and arctic seawater temperatures (Dayton, 1985; 
Bolton, 2010; Cavanaugh et al., 2011; Mohring et al., 2014) and dominate the nearshore biomass 
within the rocky shallow coasts in both hemispheres (Steneck et al., 2002). Their size and complex 
morphology provide a heterogeneous habitat structure (Steneck et al., 2002) that accommodate a 
multitude of turf and sub-canopy seaweed species, and diverse assemblages of sessile and mobile 
invertebrates and vertebrates (Mann, 1973; Steneck et al., 2002), each depending on a wide suite of 
ecological services provided by kelp forests (Dayton, 1985; Gaines and Roughgarden, 1987; Paul 
and Steneck, 1993; Levin, 1994; Anderson et al., 1997; Willis and Anderson, 2003). Wave exposure 
and temperature are regarded as important environmental drivers of kelp forests and play a role in 
their distribution (Gorman et al., 2013), abundance (Dayton et al., 1998; Cavanaugh et al., 2011), 
diversity (Wing et al., 2007; Wernberg and Goldberg, 2008), composition (Dayton, 1985; Leliaert et 
al., 2000; Harley et al., 2012; Norderhaug et al., 2012), growth (Cousens, 1982) and productivity 
(Dayton et al., 1998; Krumhansl and Scheibling, 2012; Pedersen et al., 2012). 

Given that kelp are cool-temperate organisms which are vulnerable to dislodgement under high 
wave exposure scenarios, increases in storm frequency and magnitude, and changes in ocean 
temperature, pose a direct threat to their survival; which is a concern considering that these 
variables are known to be affected by climate change (Weisse, 2010; Rose et al., 2012; 
Rummukainen, 2012; Russo et al., 2014; Reguero et al., 2019). Warmer temperatures reduce the 
resilience of kelp individuals to storm disturbance (Wernberg et al., 2010), causes fragmentation 
through weakening tissues (Simonson et al., 2015) and reduces growth and productivity 
(Zimmerman and Kremer, 1986; Gerard, 1997; Bearham et al., 2013; Gao et al., 2013); while storms 
and high wave energy dislodge and break kelp (Seymour et al., 1989; Graham, 2004; Byrnes et al., 
2011). Despite these threats and disturbances kelp persist across a broad range of environments 
which is largely due to their morphological plasticity (Fowler-Walker et al., 2006; Wernberg and 
Vanderklift, 2010). A study by Wernberg et al. (2003) investigated the morphology of Ecklonia 
radiata (C.Agardh) J.Agardh in order to quantify the morphological variation and whether it was 
dependent on spatial differences along the Australian coast. They found no correlation between 
spatial distance and morphological similarity; rather the morphology of the kelp was representative 
of multiple environmental forcings on different morphological characters at different spatial scales 
(Wernberg et al., 2003). Although multiple environmental factors play a role in kelp morphological 
adaptation, wave exposure and temperature have been identified as the main influencers across 
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various kelp species (Hurd, 2000; Denny and Gaylord, 2002; Thomsen et al., 2004; Fowler-Walker 
et al., 2005; Wernberg and Thomsen, 2005; Mabin et al., 2013; Bekkby et al., 2014). For example, a 
study by Serisawa et al., (2002) compared the morphology of Ecklonia cava Kjellman growing at 
warmer and cooler sites and showed wrinkling of the blade and reduced size to be a characteristic 
of higher temperature ranges. Warmer temperature affects important kelp physiological processes 
such as photosynthesis and respiration, which influences growth and productivity and ultimately 
leads to a reduction in size (Zimmerman and Kremer, 1986; Gerard, 1997; Bearham et al., 2013; 
Gao et al., 2013). Past research has shown that in highly wave exposed areas kelp morphology 
tends to take on characteristics which reduce drag, increase strength and increase flexibility (Hurd, 
2000; Denny and Gaylord, 2002; Thomsen et al., 2004; Fowler-Walker et al., 2005). For example, a 
study by Wernberg and Thomsen (2005) examined the consistency of wave exposure as a driver of 
E. radiata across a broad geographic range and showed trends toward drag- reducing (small size, 
narrow laterals and blades, low spinosity) and increased strength (large holdfast, thick stipe and 
thick blades and lamina) at high wave exposure sites. Measures of wave exposure in ecological 
studies often incorporate integrative measures of hydrodynamic conditions at a particular site which 
are based on cartographical models of exposure. Cartographical models of wave exposure are 
“fetch-based-models” which measure the length of open water associated with a particular site in a 

straight line and are regarded as simple measures of wave exposure. Advances in numerical 
modelling based on physical/linear wave theory incorporate more complexity (wind forcing, wave-
wave interactions, wave breaking, diffraction and variation in wave direction) into the models and 
allow for a quantitative, reproducible approach for characterizing the hydrodynamic environment. 
Although Mabin et al. (2013) investigated kelp morphological characteristics using a 2D WAM 
model, currently no studies investigating macroalgal morphological characteristics in relation to the 
wave environment have incorporated 3D spectral numerical modelling. Furthermore, no studies 
have identified specific wave metrics that drive kelp morphological characteristics, which the current 
work will aim to achieve. Other considerations such as possible differences in morphology between 
sub-canopy and canopy species, and shallow and deep-water kelp populations have not been 
considered using advanced numerical and statistical tools. Due to the complex effects of 
environmental drivers on kelp morphology, one can also expect differences in morphology between 
deep and shallow water populations of the same species. Deep and shallow water environments 
may differ in abiotic processes such as the degree of water column mixing (Smit et al., 2013), solar 
heating (Dunne and Brown, 2001; Dellatorre et al., 2012), and effects of wave dampening 
(Kobayashi et al., 1993; Dubi and Tørum, 1994; Ma et al., 2013). The kelp Laminaria pallida Greville 
and Ecklonia maxima (Osbeck) Papenfuss are important habitat forming seaweeds that exist around 
the coast of South Africa and offer a unique opportunity to investigate the drivers of macroalgal 
morphological characteristics between canopy and sub-canopy species, as well as between deep 
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and shallow water environments. Although both these species exist in the sub-tidal, L. pallida 
dominates deeper waters while E. maxima forms dense surface canopies in the shallow sub-littoral. 
Therefore, E. maxima may be exposed to variations in wind driven surface waves, swell waves and 
temperature, while L. pallida is exposed to variations in swell waves, wave exposure and 
temperature due to differences in depth. Molloy and Bolton (1996) investigated the effect of depth 
and wave exposure on L. pallida and showed that depth had a greater effect than wave exposure 
when considering all the morphological characteristics; when considering individual characteristics, 
however, wave exposure had the most significant effect on blade thickness. Another study by 
Rothman et al., (2017a) investigated the changes in morphology in shallow populations of L. pallida 
and E. maxima along the South African coastline and into Namibia; E. maxima exhibited no 
morphological changes along the coast, but the stipes of L. pallida become increasingly hollow 
further north along the coastline. The authors suggested that turbidity in relation to light attenuation 
was the environmental driver responsible for this change. 

My aim in this study is, therefore, to understand how temperature and wave exposure can influence 
the morphology of sub-canopy and canopy kelp, as well as between deep and shallow populations 
of the same species. I will also aim to identify specific temperature and wave metrics which drive 
kelp morphological characteristics. This will be achieved by initially understanding the variation in 
temperature and waves using a numerical model. The numerical model will then be used as a basis 
for investigating the consequences for morphological characteristics of E. maxima and L. pallida 
using advanced statistical tools. 

2.2 Methods 

2.2.1 Site selection 

Sites were chosen to represent an array of temperature and wave gradients, as indicated in Figure 
2:1. St. Helena Bay and Betty’s Bay constituted the north-western and south-eastern boundary sites, 
respectively. These sites are roughly 300 km apart, lie within separate marine provinces (Smit et al., 
2017) and span the majority of the south-west coast, in varying thermal and wave energy regimes. 
The region is dominated by kelp communities that persist in contrasting abiotic environments. The 
west coast region has been termed cool-temperate, which is defined as a region where mean 
monthly temperatures are always above 10°C and below 15°C Smit et al., (2013). East of Cape 

Point marks the beginning of an overlap or transition area, which is also referred to as the Benguela-
Agulhas Transition Zone (Smit et al., 2013). The Agulhas Marine Province is characterized by a 
wide temperature range of up to 7°C difference between mean monthly temperatures between 

summer and winter and is classified as warm-temperate (Smit et al., 2013). 
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Figure 2:1  Map of the study area and sampling sites. The red dots represent study sites around the Cape Peninsula. 

 
The annual and seasonal patterns in both wind and swell direction influence the thermal regime 
around the coastline by inducing upwelling. Upwelling brings deep, cool nutrient-rich water to coastal 
areas which causes a decrease in temperature (Cram, 1970; Gill and Clarke, 1974; Andrews and 
Hutchings, 1980; Field et al., 1980; Blanke et al., 2002; Rouault et al., 2010). The wind speed and 
wind direction help drive upwelling in summer on the western side of the Cape Peninsula, where 
southerly winds blow parallel to the coast and trigger upwelling events (Field et al., 1980; Rouault et 
al., 2010). This is not the case for False Bay, which is shielded from the dominating wind and swell 
that the Cape Peninsula is subjected to. In the summer months, upwelling becomes more favourable 
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in False Bay due to the change in swell and wind direction, causing lower temperatures to dominate 
during this time (Andrews and Hutchings, 1980; Rouault et al., 2010). Due to the Cape Peninsula 
temperate latitude, winter months bring an increased frequency of frontal depressions that originate 
from the Southern Ocean (Reason et al., 2006). These low pressures are joined by large swells with 
increased wave energy. The nearshore environment, with the accompanied biota, therefore, 
experiences high wave energy events, with increased frequency in winter (Veitch et al., 2019). The 
large peninsula acts as an obstruction for large south westerly swells, providing decreased wave 
energy along the west side of False Bay (Shipley, 1964). Conversely, the west coast of Cape Point 
is battered by these large swells. Multiple sites, therefore, exist where kelp grow in diverse 
temperature and wave energy climates, in close proximity and on the same side. The topography 
and elevation along the Cape Peninsula channel and shield winds along False Bay. This is, 
however, absent in winter, when strong northerly winds are prevalent from St. Helena Bay to Betty’s 

Bay (Andrews and Hutchings 1980; Field et al., 1980; Jury, 1980; Jury et al., 1985). 

2.2.2 Abiotic environment 

In order to compare abiotic variables for sites around the coast, large historical databases for 
temperature, wave energy and wind were accessed. 

2.2.2.1 Temperature 

Shallow water temperatures were sourced from The South African Coastal Temperature Network 
(SACTN) website. In terms of nearshore temperature, in situ data are preferred over satellite sea 
surface temperature (SST), which have shown to exhibit large biases (Smit et al., 2013). The 
underwater temperature recorders (UTRs) are attached to concrete mooring blocks or railway line 
sections deployed in the shallow at ∼3 m depth. The UTRs were comprised of Starmon Mini 
recorders (Star-Oddi, Reykjavik, Iceland/Onset Hobo® U22-001)) accurate to ±0.2°C. All in situ 
temperature data were reduced to a time-coded, continuous series of monthly means over various 
timescales (Smit et al., 2013). It was decided that the annual timescale would be used for analysis. 
Linear interpolated SST were calculated for sites where in situ recorders were absent. These data 
were used to group sites into “Cool temperate” and “Warm temperate” categorizations to investigate 

the possible effect of thermal regime on kelp morphological characteristics. 

2.2.3 Wave environment 

Wave model variable data formed part of the South African Coastal Vulnerability Assessment, 
presented to the Department of Environmental Affairs (DEA) and produced by the Council for 
Scientific and Industrial Research (CSIR) (Rautenbach, 2015). The South African wave climate was 
modelled via 20 spectral numerical wave models that simulated the offshore wave climate to the 
nearshore. The boundary conditions of these models were obtained by using the NOAA Wave 
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Watch III (WWIII) model output, distributed via the National Centers for Environmental Prediction 
(NCEP) product (Office of the Director 2000; Environmental Modelling Center/Marine Modeling 
Branch 2005). The particular hindcast product utilized during the DEA-CSIR study spans 1994–2013 
at a 3-hour resolution. These data were then used to model swell propagation into the coastal 
models while wind waves (seas) were generated via stationary computations in the Simulating 
Waves in the Nearshore SWAN model (Booij et al., 1997). The assumption of stationary 
computations is acceptable as the model domains were small enough, so the temporal variation of 
the model boundary was slower than the time it takes for that boundary condition to propagate to the 
coast. SWAN allows one to extract wave variables from specific gridded locations in the nearshore. 
For False Bay, a resolution of 200 meters was modelled and output produced at both the 7 m and 
15 m isobaths. A 200 m resolution was used as the False Bay computational grid was nested within 
a larger 1 km resolution grid. This allowed for a computational effective wave resolution of 
increasing resolution, from the NCEP, low resolution output to nested, high resolution coastal output. 

For Table Bay and east of Cape Hangklip the resolution was 500 m and also had output at the 7 and 
15 m isobaths. These contour outputs were chosen in the original study by the CSIR as most 
engineering run-up calculations require wave parameter information at these contour depths and 
were the main focus of the original study. For this study the 7 m contours were used. These data 
were then used to calculate over all wave power (kW/m) as this was considered the best measure of 
overall wave exposure. Annual wave power was plotted and categorized into different wave 
exposure categories which ranged from fully sheltered too extremely exposed. 

2.2.4 Collection of kelp morphological characteristics 

The morphological characteristics of both species are presented in Figure 2:2. Laminaria pallida is 
characterized by a single smooth blade which is divided longitudinally into sections and develops 
from a single meristematic region located at the junction between the blade and the stipe (Dyer, 
2018). This species has a solid stipe along the south-west coast but develops a hollow stipe along 
the west coast northward and into Namibia (Rothman et al., 2017a). Ecklonia maxima consists of a 
single primary blade which develops above a gas-filled float and a hollow stipe below. Secondary 
blades are produced laterally from the primary blade from several meristematic regions along the 
margins of the primary blade (Dyer, 2018). Both species are held to the substrate by finger-like 
haptera, collectively known as the holdfast. 
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Figure 2:2 Schematic of Laminaria pallida and Ecklonia maxima morphology (Dyer, 2018). 

Morphological measurements of L. pallida and E. maxima were collected at 18 sites along the 
Western Cape coast of South Africa between October 2014 and April 2015. AlgaeBase was used to 
confirm the latest taxonomic associations for each species (Guiry, 2013). Divers sampled kelp 
individuals by means of SCUBA for deeper populations and freediving for shallower populations. 
The sampled individuals were then taken ashore and the relevant morphological measurements 
taken. In each instance only the 13 largest individuals were sampled to ensure that only mature and 
fully grown sporophytes were measured. The age of E. maxima was determined by size, presence 
at the surface as well as a darker coloration of the stipe; as this occurs with age. In the case of L. 
pallida, the individuals with the longest stipe were selected which is considered a reasonable 
estimate of age. In each case the age of the individuals was estimated visually before the individual 
was sampled. In instances where one of the species was not present at a site, the 

 
Table 2:1 A list of measured environmental variables (temperature, waves and wind) and their associated abbreviations. 

Species Morphological Characteristic Unit Measurement 

Ecklonia maxima Frond mass Kilograms (kg) 

Ecklonia maxima Primary length Centimetres (cm) 

Ecklonia maxima Primary width Centimetres (cm) 

Ecklonia maxima Frond length Centimetres (cm) 
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Species Morphological Characteristic Unit Measurement 

Ecklonia maxima Stipe mass Kilograms (kg) 

Ecklonia maxima Stipe length Centimetres (cm) 

Ecklonia maxima Stipe circumference Millimetres (mm) 

Ecklonia maxima Number of tufts Count 

Ecklonia maxima Epiphyte length Centimetres (cm) 

Ecklonia maxima Total length Centimetres (cm) 

Laminaria pallida Lamina weight Kilograms (kg) 

Laminaria pallida Lamina length Centimetres (cm) 

Laminaria pallida Lamina thickness Millimetres (mm) 

Laminaria pallida Stipe mass Kilograms (kg) 

Laminaria pallida Stipe length Centimetres (cm) 

Laminaria pallida Stipe diameter Millimetres (mm) 

Laminaria pallida Number of digits Count 

Laminaria pallida Thallus mass Grams (g) 

Laminaria pallida Total length Centimetres (cm) 

 

nearest population of the missing species was sampled. Because the macroalgae differ in 
morphological features, species-specific morphological characteristics were included and are 
presented in Table 2:1 Table 2:1 A list of measured environmental variables (temperature, waves 
and wind) and their associated abbreviations.  

The stipe length for E. maxima was considered to be the portion of the plant just below the 
pneumatocyst and just above the holdfast. Stipe circumference was measured just above the 
holdfast for both species. Between February 2017 and November 2018, morphological 
measurements for E. maxima individuals in shallow water (<1m) at seven sites along the Western 
Cape coast of South Africa were also collected. The same morphological characteristic 
measurements were taken as for the deeper E. maxima, and this allowed comparison between 
morphological characteristics between deep and shallow individuals within sites. Measurements 
were not collected for L. pallida in the shallow depths, as this species is largely absent from the 
shallow in this portion of the South African coastline. 

2.2.5 Statistical analyses 

Summary statistics were calculated for each site and region for each of the environmental variables 
considered in this study and are presented in Table 2:2. The associated abbreviations used are also 
presented in Table 2:2. In addition, annual median wave and wind direction were also calculated.  
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Table 2:2 A list of measured environmental variables (temperature, waves and wind) and their associated abbreviations. 

Variable Abbreviation 

Maximum temperature max_temp 

Minimum temperature min_temp 

Mean temperature mean_temp 

Range in temperature temp_range 

Standard deviation in temperature sd_temp 

Mean significant wave height hs_mean 

Maximum significant wave height hs_max 

Minimum significant wave height hs_min 

Standard deviation in swell height hs_sd 

Mean wave period tp_mean 

Maximum wave period tp_max 

Minimum wave period tp_min 

Standard deviation in wave period tp_sd 

Median wave direction dir_median 

Mean wind speed spw_mean 

Standard deviation in wind speed spw_sd 

Median wind direction dirw_median 

 

The median was calculated for wind and wave direction, as issues arise when calculating the mean 
and standard deviation for compass metrics. Summary statistics for wind was not plotted and 
instead are discussed, as the data were course relative to the other environmental variables 
considered in this study. Morphological characteristics in relation to temperature and wave exposure 
were investigated using non-parametric statistical methods. Morphological characteristics were 
placed into categories according to temperature regime and wave exposure class for each species 
and population of kelp in this study. The appropriate category was determined by kelp’s sampling 

location along the coastline and the according wave exposure and temperature category assigned to 
that species and/or population. The R software package ggplot2 was used for graphical output and 
non-parametric analyses. Significant differences between temperature regimes and across wave 
exposure categories were tested with Wilcox tests and Kruskal-Wallis tests, respectively, and 
notched boxplots allowed comparison between individual categories of wave exposure. The alpha 
level used to define significance was p= 0.05. Boxplots were created using the software package 
ggplot2 (Oksanen et al., 2013). In order to investigate specific drivers of morphological 
characteristics a distance-based redundancy analysis (db-RDA) was performed using the rda 
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function in the vegan software package (Oksanen et al., 2013) in R (RStudio Team 2019). The 
abiotic data covered all study sites for both species of kelp. 

Both morphology and abiotic data (temperature, waves and wind) were standardized using the 
decostand function in the vegan software package; morphology data were used as response 
variables and the abiotic data as explanatory variables. A list of the abbreviations used and the 
associated metrics are presented in Table 2:2. To determine the explanatory variables that best 
describe patterns in the response data, a full RDA was performed using a complete set of 
explanatory variables. Forward selection was then used to reduce the number of explanatory 
variables, as well as prevent the inflation of overall Type I error. To further improve the model, 
pairwise coefficients and Variance Inflation Factor (VIF) were calculated to identify variables with 
high multicollinearity. The computation of the parsimonious RDA was followed by permutation tests 
of the adjusted R2 to assess significance of constraints. 

2.3 Results 

2.3.1 Abiotic environment 

2.3.1.1 Temperature 

The mean annual coastal water temperature for the study sites located on the western side of the 
peninsula ranged from 14.5 ± 0.9°C (mean ± SD) at St. Helena Bay, the most northern site on the 
western side of the peninsula, to 14.6 ± 0.3°C at Olifantsbos, the most southern site on the western 
side of the peninsula (Figure 2:3A). For sites located on the  
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Figure 2:3 Annual temperature variables at the collection sites around the Cape Peninsula are represented in panel (A), 
with sites in order from north to south. Temperature variables include minimum represented by inverted triangles, mean 
represented by blue and red dots which represent the western and eastern side of the peninsula, respectively, maximum 
by black triangles, and whiskers standard deviation. Summary of temperature data for sites grouped by region are 
represented in panel (B). Significance levels are as follows: * represents ≤0.05, ** represents ≤0.01, *** represents ≤0.001, 
**** represents ≤0.0001. 

 
eastern side of the peninsula (within False Bay), the annual mean coastal water temperatures 
ranged from 15.5 ± 0.9°C at Buffelsbaai to 15.0 ± 0.9°C at Betty’s Bay, the most eastern site on the 

coastline in this study (Figure 2:3A).  In general, the mean temperature increases for sites located 
within False Bay with less variation around the mean temperature compared to sites on the western 
side of the peninsula (Figure 2:3A). This is verified by statistical difference based on region, which 
shows a significantly lower (p < 0.05, Figure 2:3B) mean temperature and less variation in 
temperature for sites located on the western side of the peninsula compared to sites on the eastern 
side. 

2.3.1.2 Wave environment 

Our data show the western side of the peninsula experiences higher significant wave heights and 
variation in wave heights compared to the eastern side of the peninsula (Figure 2:4A). Mean 
significant wave height ranged from 0.5 ± 0.2 m (mean ± SD) at St. Helena Bay to 2.3 ± 0.7 m at 
Olifantsbos on the western side of the peninsula, and on the eastern side of the peninsula it ranged 
from 0.9 ± 0.4 m at Buffelsbaai to 1.9 ± 0.6 m at Betty’s Bay (Figure 2:4A). The maximum significant 

http://etd.uwc.za/



 

 40 

wave height ranged from 1.4 m at St. Helena Bay to 4.7 m at Olifantsbos on the western side of the 
peninsula, and on the eastern side ranged from 2.6 m at Buffelsbaai to 4.2 m at Betty’s Bay. Mean 

peak period for sites on the western side of the peninsula ranged from 10.3 ± 3.5 s at St. Helena 
Bay to 11.0 ± 2.0 s at Olifantsbos and ranged from 10.6 ± 3.0 s at Buffelsbaai to 10.8 ± 2.2 s at 
Betty’s Bay (Figure 2:4B). The data show no trend in mean peak period for the coastline. These data 
show that the western side of the peninsula has a lower variation (SD) compared to the eastern 
side, with Miller’s Point showing the highest variation across timescales. Maximum peak period 
ranged from 18.9 s at St. Helena Bay to 18.4 s at Olifantsbos for the western side of the peninsula 
and ranged from 18.0 s at Buffelsbaai to 18.0 s at Betty’s Bay on the eastern side of the peninsula. 

When wave variables were grouped by region significant differences were found for both mean 
significant swell height and mean peak period. The western region experiences a significantly higher 
mean significant swell height (p < 0.05; Figure 2:4C) and mean peak period (p < 0.05; Figure 2:4D). 

Data for median wave direction showed no trend across timescales, however, the variation (SD) in 
wave direction is lower on the western side of the peninsula compared to the eastern side both 
annually and for winter. Summer data were the exception and showed lower variation for the eastern 
side of the peninsula (see Appendix). 

In Figure 2:5A the total coastal wave exposure of the Cape Peninsula is given in terms of wave 
energy (kW per meter wave crest length). The classification from fully sheltered to extremely 
exposed is based on the total wave energy upper and lower limits (Figure 2:5B). The western 
periphery of the Cape Peninsula is almost continuously exposed to high wave exposures while the 
eastern periphery of the peninsula (western coastline of False Bay) revealed sheltered wave 
exposures (Figure 2:5). There the marked seasonality, with higher energy waves during winter, may 
be clearly observed once more. To clarify the averaged wave exposure map presented in Figure 
2:5A, the propagation of a typical offshore wave spectrum as produced from a single time-step in 
SWAN is presented in Figure 2:5C. Tracing the wave height contours into False Bay its clear why 
this bay’s western periphery is predominantly sheltered. 
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Figure 2:4 Mean significant wave height (meters) and mean significant peak period (seconds) across sites and by region. 
Annual mean significant wave height across sites is presented in panel (A) and is represented by solid triangles and 
standard deviation by the whiskers. Differences in annual mean significant wave height between regions are presented in 
panel (B). Annual mean significant peak period across sites is presented in panel (C) and is represented by solid dots and 
standard deviation by whiskers. Differences in annual mean significant peak period between regions are presented in 
panel (D). Significance levels are as follows: * represents ≤0.05, ** represents ≤0.01, *** represents ≤0.001, **** represents 
≤0.0001. 
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Figure 2:5 The total coastal wave exposure of the Cape Peninsula is given in terms of wave energy (kW per meter wave 
crest length) is presented in panel (A) and the associated legend in panel (B). The propagation of a typical offshore wave 
spectrum is given as produced from a single time-step in SWAN, is represented in panel (C). 

2.3.1.3 Drivers of kelp morphological characteristics 

Significant differences were found between cool temperate and warm temperate regimes for most L. 
pallida morphological characteristics with lamina length, number of digits and thallus mass the 
exceptions (Figure 2.6). Certain morphological characteristics such as stipe mass, stipe length, total 
length and stipe diameter had significantly higher means for kelp from the cool temperate regime 
when compared to kelp from the warm temperate regime (p < 0.05; Figure 2:6). Conversely, lamina 
weight and lamina thickness had significantly lower means for kelp from the cool temperate regime 
compared to kelp from the warm temperate regime. When L. pallida morphological characteristics 
were grouped to wave exposure categories Kruskal-Wallis tests revealed significant differences 
amongst categories for most morphological characteristics with lamina length, number of digits and 
thallus mass the exceptions (Figure 2:7). The morphological characteristics that were significantly 
different amongst sites exhibited similar patterns, with increasing mean values from the fully 
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sheltered to extremely sheltered categories and a decrease in mean values for the remainder of the 
categories. Two morphological characteristics, namely lamina thickness and stipe diameter, both 
exhibited higher variations for the exposed categories compared to other morphological 
characteristics. 

 

Figure 2:6 Boxplots representing L. pallida morphological characteristics grouped by temperature regime measured around 
the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units provided. The lower 
and upper “hinges” correspond to the first and third quartiles. The whiskers represent the range, solid black lines represent 
the median and black dots are outliers. Light grey boxes represent cool-temperate and dark grey warm-temperate. 
Significance levels are as follows: * represents ≤0.05, ** represents ≤0.01, *** represents ≤0.001, **** represents ≤0.0001. 
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Figure 2:7 Boxplots representing L. pallida morphological characteristics grouped by wave exposure category measured 
around the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units provided. The 
lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid black lines 
represent the median and black dots are outliers. Significance levels are as follows: * represents ≤0.05, ** represents 
≤0.01, *** represents ≤0.001, **** represents ≤0.0001. 

Six out of the ten deep E. maxima morphological characteristics showed differences between cool 
temperate and warm temperate regime except for frond mass, frond length, stipe mass and epiphyte 
length. Mean values for primary length, primary width and stipe circumference were significantly 
higher for kelp from the cool temperate regime than for kelp from the warm temperate regime 
(Figure 2:8). The remaining morphological characteristics, stipe length, number of tufts and total 
length had significantly lower means for kelp from cool temperate compared to kelp from the  
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Figure 2:8 Boxplots representing deep population E. maxima morphological characteristics grouped by temperature regime 
measured around the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units 
provided. The lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid 
black lines represent the median and black dots are outliers. Light grey boxes represent cool-temperate and dark Gray 
warm-temperate. Significance levels are as follows: * represents ≤0.05, ** represents ≤0.01, *** represents ≤0.001, **** 
represents ≤0.0001. 

warm temperate regime (p < 0.05; Figure 2:8). Significant differences amongst wave exposure 
categories were found for all morphological characteristics of deep E. maxima populations (Figure 
2:9). Certain morphological characteristics showed a gradual increase in mean value with increasing 
degree of wave exposure. The remaining morphological characteristics exhibited decreased means 
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for only the higher wave exposure categories, followed by a sharp increase in mean value for the 
highest wave exposure category. 

 

Figure 2:9 Boxplots representing deep E. maxima morphological characteristics grouped by wave exposure category 
measured around the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units 
provided. The lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid 
black lines represent the median and black dots are outliers. Significance levels are as follows: * represents ≤0.05, ** 
represents ≤0.01, *** represents ≤0.001, **** represents ≤0.0001. 

http://etd.uwc.za/



 

 47 

 

Figure 2:10 Boxplots representing shallow E. maxima morphological characteristics grouped by temperature regime 
measured around the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units 
provided. The lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid 
black lines represent the median and black dots are outliers. Light grey boxes represent cool-temperate and dark Gray 
warm-temperate. Significance levels are as follows: * represents ≤0.05, ** represents ≤0.01, *** represents ≤0.001, **** 
represents ≤0.0001. 

When grouped by temperature regime, shallow E. maxima exhibited significant differences between 
temperature regimes for frond mass, primary length, primary width, frond length, stipe mass, stipe 
length, stipe circumference and total length (p < 0.05; Figure 2:10). All of the significantly different 
morphological characteristics, except primary length, had lower values for the western region 
compared to the eastern region. When shallow E. maxima were grouped by wave exposure 
category significant difference were found for all morphological characteristics (p < 0.05; Figure 
2:11). In general, values of the various morphological characteristics increase for the lower wave 
exposure categories, followed by a sharp decrease and a gradual increase in value. 
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Figure 2:11 Boxplots representing shallow E. maxima morphological characteristics grouped by wave exposure category 
measured around the Western Cape coastline, with the y-axis depicting the specific morphology measured, with units 
provided. The lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid 
black lines represent the median and black dots are outliers. Significance levels are as follows: * represents ≤0.05, ** 
represents ≤0.01, *** represents ≤0.001, **** represents ≤0.0001. 

2.3.2 Abiotic drivers of L. pallida morphological characteristics 

Forward selection, assessment of VIF and an examination of pairwise Pearson correlation 
coefficients allowed us to retain the most parsimonious descriptors of L. pallida morphological 
characteristics with an adjusted R2 of 0.49, explaining 72% of the variation (global permutation test 
on final model: d.f = 1, F = 8.51, p = 0.008; Figure 2:12A). RDA1 was the only significant axis in the 
model and explained 48% of the variation while RDA2 was not significant and explained 63% of the 
variation. Total length, stipe length, stipe diameter and stipe mass were positively influenced (i.e., 
increased size corresponding with the environmental driver) by mean significant wave height and 
median swell direction for kelp mostly from the western region and negatively influenced (i.e., 
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decreased size corresponding with the environmental driver) by peak period standard deviation and 
mean temperature for kelp from the eastern region. Although sites from the western region did not 
cluster as closely as eastern region study sites, grouping according to region was still evident. 

2.3.3 Abiotic drivers of E. maxima morphological characteristics 

The same approaches to identify the descriptors for L. pallida were employed for both populations of 
E. maxima. Forward selection, assessment of VIF and Pearson correlation coefficients allowed us to 
retain as the most parsimonious descriptors of deep E. maxima morphological characteristics with 
an adjusted R2 of 0.39, explaining 67% of the variation (global permutation test on final model: d.f = 
5, F = 2.4, p = 0.026; Figure 2:12B).  

RDA1 was the only significant axis in the model (p = 0.03) and explained 72% of the variation. 
Primary length, primary width and stipe circumference were positively influenced by mean significant 
wave height, mean peak period and median swell direction for kelp from the western region. The 
remaining morphological characteristics were positively influenced by minimum temperature and 
negatively influenced by peak period standard deviation for kelp from the eastern region.  

Forward selection, assessment of VIF and Pearson correlation coefficients allowed us to retain the 
most parsimonious descriptors of shallow E. maxima morphological characteristics with an adjusted 
R2 of 0.36, explaining 61% of the variation (global permutation test on final model: d.f = 4, F = 2.41, 
p = 0.013, Figure 2:12C). The model consisted of one significant axis, RDA1 (p = 0.02)    explained 
62% of the variation.  

Stipe length, stipe mass and stipe circumference were positively influenced by maximum 
temperature and mean temperature along RDA1, and explained 50 and 55% of the variation, 
respectively. The remaining morphological characteristics were positively influenced by maximum 
peak period and negatively influenced by median wind direction along RDA2 and explained 86 and 
94% of the variation, respectively. There was overlapping of clusters according to region with no 
clear patterns in sites evident. 
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Figure 2:12 RDA output for L. pallida (A), deep E. maxima (B) and shallow E. maxima (C). The blue cluster represents 
sites from the western region and the red represents sites from the eastern region. 

2.4 Discussion 

This study considered important drivers of the morphology of E. maxima and L. pallida around the 
Cape Peninsula. These abiotic variables, namely temperature and wave exposure, have been 
identified in previous research on other brown algae species such as E. radiata and Macrocystis 
pyrifera (Linnaeus) C.Agardh 1820 (Thomsen et al., 2004; Fowler-Walker et al., 2005, 2006; 
Wernberg and Thomsen 2005; Wing et al., 2007; Stewart et al., 2009; Miller et al., 2011; Pedersen 
et al., 2012). The complex geomorphology of the Western Cape coastline creates an ideal natural 
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laboratory for studies of kelp in interaction with their environment. Unlike previous research, this 
study used a complex numerical model to provide the various variables of wave exposure, which is 
based on linear wave theory to calculate overall wave exposure. We also considered wind in 
addition to temperature and wave variables, since wind is an important component of wind-driven 
surface gravity waves (Holthuijsen, 2010). The results show that specific variables of wave exposure 
are the main drivers of kelp morphology with temperature playing only a minor role. The 
morphological adaptation was also shown to be associated with the magnitude of wave exposure 
which had only been inferred in previous studies. Finally, the investigation of differences in 
morphological characteristics between shallow and deep populations of E. maxima suggests that in 
low wave exposure environments the role of temperature as a morphological driver increases; this is 
particularly the case for False Bay. 

There were clear patterns and clines in both the temperature and wave exposure data. The thermal 
and wave exposure regimes around the Cape Peninsula are driven by a complex interaction 
between wind, temperature and wave metrics, which do not act independently but instead influence 
one another. The hydrodynamic regime is modulated by the relative sheltering against the 
predominant south-westerly swell direction and the size of the fetch for local wave generation. The 
direction of the dominant swell changes to the southwest in winter, generated by strong low 
pressures that originate from the Southern Ocean (Reason et al., 2006), which False Bay is 
sheltered from (Shipley, 1964; Atkins, 1970; Dufois and Rouault et al. 2010). In summer, these 
swells rotate anticlockwise and are able to enter False Bay, providing an increased variability of 
swell height and peak period in this region. It should be noted that what is classified as sheltered 
around the South African coastline (a high energy coastline) might be classified as exposed in other 
regions of the world (Leliaert et al., 2000; Norderhaug et al., 2012). It is due to the near consistent 
south-westerly swell and the complex orography around the peninsula that the wave energy 
distribution around the Cape Peninsula varies significantly over a small geographical area.  

The directional sheltering effect of the Cape Peninsula, against the dominant swell direction is 
clearly observed in the wave exposure maps. It should be mentioned that some of the annual winter 
frontal depression systems pass the Cape Peninsula from the west to east, resulting in wave 
propagating toward the continent from much more southerly directions. This results in positive and 
negative wave exposure anomalies all around the peninsula. Increased wind speed at sites along 
the west side of the peninsula in a southerly direction trigger upwelling events along the western 
side of the peninsula (Field et al., 1980; Rouault et al., 2010). In general, the western side of the 
peninsula is more exposed than the eastern side (False Bay) and experiences significantly higher 
mean significant swell height and mean significant peak period. This was also reflected in the wave 
exposure categories which show a trend of decreasing wave exposure (wave power) around the 
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peninsula and into False Bay. There are also differences between the types of waves that each side 
of the peninsula experiences. We provide strong support that variations in the environmental 
variables, particularly wave exposure variables, are driving kelp morphological characteristics 
around the Cape Peninsula. Morphological adaptation due to water motion may manifest in a 
number of ways in high wave energy environments. For instance, reduction of blade thickness, 
blade elongation, increase of stipe length, increase in stipe circumference and force of attachment 
(Friedland and Denny, 1995; Denny et al., 1997; Denny and Gaylord, 2002; Wernberg and 
Thomsen, 2005; Fowler-Walker et al., 2006; Bekkby et al., 2014) have been identified in previous 
studies. Although this study did not measure force of attachment, other morphological responses to 
temperature and wave variables were evident.  

Species-specific responses are evident in both wave exposure and temperature. In cool temperate 
environments L. pallida tended to show increases in certain morphological characteristics (stipe 
mass, stipe length and stipe diameter) while in the warm-temperate environments these were 
significantly lower. This was also true for deep E. maxima populations, which had longer, thinner 
stipes for kelp from the warm temperate compared to kelp from the cool temperate. Reduction in 
certain morphological characteristics has been attributed to temperature by Serisawa et al. (2002) in 
the kelp Ecklonia cava Kjellman 1885, which was smaller and shorter in warmer sites compared to 
cooler sites. The reduction in size of adult may be a response to low nutrient conditions, which has 
been shown to reduce growth rate and overall morphology (Simonson et al., 2015).  

Warmer temperatures are associated with low nutrient concentrations (Waldron and Probyn, 1992) 
and the low frequency of upwelling conditions in False Bay (low nutrient supply) coupled with 
warmer temperatures may be a contributing factor. It should be noted, however, that from these 
analyses that in general the cool temperate region is more exposed to waves than that of the warm-
temperate region. Therefore, the significantly larger morphological characteristics for kelp from the 
cool temperate region may overlap with responses to wave exposure. The response of kelp 
morphological characteristics to wave exposure was evident and both species exhibit tactics based 
on the magnitude of wave exposure. Strength increasing traits were exhibited for lower exposure 
levels while a “go-with-the-flow” tactic for moderate levels of wave exposure. This suggests that how 

morphological characteristics manifest themselves is dependent on the magnitude of wave 
exposure. When grouped by wave exposure category, L. pallida characteristics showed a significant 
increase in length for the “extremely sheltered” category compared to the fully sheltered category, 

which may be a “go-with-the-flow” tactic (Denny et al., 1997; Hurd, 2000; Denny and Gaylord, 2002). 
Kelp are able to increase flexibility by increasing stipe length which increases the extension 
capabilities of kelp to a passing wave (Denny et al., 1997; Hurd, 2000; Denny and Gaylord, 2002). 
However, increasing stipe length is only beneficial under lower exposure levels as a long stipe 
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actually increases overall drag on the plant under high wave exposure (Denny et al., 1997; Hurd, 
2000; Denny and Gaylord, 2002). This is reflected in the L. pallida morphology which shows an 
overall reduction of morphological characteristics suggesting a size reducing tactic to cope with 
higher levels of wave exposure. The results suggest that deep E. maxima populations exhibit a 
different response, as well as a higher wave exposure threshold. Unlike L. pallida, E. maxima 
exhibits a size reducing tactic with increasing wave exposure by decreasing stipe mass, stipe length, 
stipe circumference, total length and frond length. A magnitude related response has been 
suggested by Wernberg and Vanderklift (2010) who investigated the temporal and spatial variations 
of various environmental drivers of the kelp E. radiata. The authors identified wave exposure as the 
most important driver of kelp morphological characteristics and that the type of response elicited is 
dependent on the magnitude of wave exposure. 

A size reduction tactic has been shown before (Hurd, 2000; Denny and Gaylord, 2002; Fowler-
Walker et al., 2005, 2006) and is regarded as a strategy to reduce overall drag on the plant. 
However, E. maxima morphological characteristics changed significantly as wave exposure 
increases. When grouped to the higher wave exposure levels, E. maxima morphology exhibited a 
strength and flexibility increasing trait. Furthermore, the morphological response of E. maxima to 
wave exposure only occurs at the “Moderately exposed” level compared to L. pallida which exhibits 
a response at a lower wave exposure level. This suggests that E. maxima can tolerate higher 
exposure levels before having to exhibit a morphological response. The redundancy analysis 
performed confirms the patterns and responses observed as well as identifying specific temperature 
and wave variables as drivers of kelp morphology. Kelp morphology characteristics are largely wave 
driven for both species but differ in terms of specific temperature and wave metrics. 

The wave metrics identified in this study are important components of determining overall wave 
power, which will vary seasonally in the region based on the swell direction. The differences in 
temperature metrics between E. maxima and L. pallida point to underlying differences in nutrient 
availability. Low temperatures are often associated with upwelling events which bring cool, nutrient 
rich water into the nearshore. False Bay has comparatively little upwelling events compared to the 
western side of the peninsula, and so nutrients may be a limiting factor for E. maxima populations 
within False Bay, hence the identification of minimum temperature as an influencer. Mean 
temperature identified as a driver for L. pallida may be related to diurnal temperature fluctuations in 
the water column. Solar heating of the water surface in combination with wind-driven transport 
causes fluctuations within the water column, which can occur daily or seasonally (Kaplan et al., 
2003). Vertical mixing of the water column for inshore regions are driven by several abiotic 
processes: (1) turbulence of breaking waves inside or outside of the surf zone; (2) convective mixing 
through a combination of cooling and evaporation; (3) wind driven currents; and (4) tidal mixing 

http://etd.uwc.za/



 

 54 

(Smit et al., 2013). These abiotic processes cause effective vertical mixing of surface and deeper 
water stratification which leads to a homogeneous thermal environment, which in this study may be 
interpreted as the mean temperature. Therefore, the homogeneous thermal regime of inshore 
regions may be a reason why mean temperature is driver of L. pallida morphological characteristics. 
The difference in canopy type between the species may be the reason why E. maxima is driven by 
multiple wave metrics compared to L. pallida. Since E. maxima are a canopy-kelp, it is exposed to 
all components of a wave compared to L. pallida which occurs deeper in the water column. 

Although temperature plays an important role in distribution (Bolton, 2010; Miller et al., 2011; Rinde 
et al., 2014) of kelp and physiological functioning of adults and gametophytes (Gerard, 1997; 
Steneck et al., 2002; Bearham et al., 2013; Mohring et al., 2014; Smale and Moore, 2017), there is 
little evidence in this study that temperature is an important driver of morphological variation. 
However, we suggest that temperature plays a larger role in determining kelp morphology at sites 
where wave energy is low enough not to elicit a response in morphological characteristics. 
Temperature metrics influence stipe length and frond length in shallow E. maxima individuals 
located at sites within False Bay; which was not the case for deeper E. maxima individuals as well 
as L. pallida which were largely driven by wave variables. The shallow E. maxima individuals may 
not experience the same amount of wave energy as do deeper populations. This may be due to 
wave dampening from deeper populations of E. maxima, which attenuate the wave energy entering 
coastal environments (Jackson, 1984; Kobayashi et al., 1993; Mork, 1996).  

The morphological variations in characteristics for deep E. maxima populations are not seen for 
shallow E. maxima populations. The lack of variation in shallow E. maxima populations was also 
found in previous research by (Rothman et al., 2017a) who identified light as a significant driver. 
This influence of light may suggest photosynthetic ability and nutrient uptake as important drivers in 
shallow environments. Wave exposure may be reduced in shallow environments due to the wave 
damping effect of deep kelp and seaweed populations (Jackson, 1984; Kobayashi et al., 1993; 
Mork, 1996) thereby reducing the need to adapt morphological characteristics to reduce drag. 
Furthermore, the reduction in differences between deep and shallow E. maxima at wave exposed 
sites on the western of the peninsula compared to sites in False Bay provides further evidence that 
wave exposure may not be an important driver of shallow E. maxima populations in this study. 
Increased temperatures corresponded with a reduction in stipe circumference, frond length, stipe 
length, total length and stipe mass resulting in slim or “skinny” kelp individuals, which supports 

findings from previous research by Mabin et al. (2013), Serisawa et al. (2002). These findings were 
confirmed by the redundancy analysis which showed the contribution of wave variables as a driver 
of kelp morphological characteristics was lower compared to temperature variables. The sites do 
cluster by region but almost overlap entirely; further indicating wave variables are not the main 
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driver. Although wave variables were not identified as an important driver, it is important to note the 
wave variables identified in the RDA differ to deep E. maxima. The identification of median wind 
direction suggests that surface gravity waves as a driver compared to swell waves identified for L. 
pallida and E. maxima. 

Kelps living in warmer environments have been shown to have a lower resilience to disturbance, 
such as storms (Wernberg et al., 2010). The kelp in False Bay may therefore be more vulnerable to 
dislodgment under high wave exposure scenarios compared to kelp on the western side of the Cape 
Peninsula, which experiences higher wave energy on a regular basis. In South Africa, the main 
contributing factors to the hydrodynamic environment are the Southern Annular Node (SAM) and El 
Niño Southern Oscillation (ENSO), while the latter is also the main source of variability (Veitch et al., 
2019). These climate systems are expected to alter storm frequency and magnitude under future 
climate scenarios, which may increase the overall wave power around the Cape Peninsula. The 
magnitude-specific response of the kelp species to wave exposure in this study suggests there is a 
limit to morphological adaptation in reducing the probability of dislodgement. Therefore, if this limit is 
reached and exceeded in future climate scenarios, kelp populations may risk being reduced over 
time. Furthermore, although recent studies suggest a cooling trend of coastal waters around South 
Africa (Rouault et al., 2010; Smit et al., 2013), the impact of marine heat waves may reduce the 
resilience of kelp to storms and high wave energy. Although this study identifies specific wave and 
temperature metrics that drive morphological adaptation and suggests a possible wave exposure 
threshold, it does not identify the metrics or magnitude of wave exposure required to dislodge kelp. 
Therefore, future studies should consider using advanced numerical methods to investigate the 
specific wave power needed to dislodge kelp, and ideally, given a specific set of morphological 
measures. These types of studies in conjunction with forecasting studies can be used to determine 
the vulnerability of kelp populations to future climate scenarios. 

2.4.1 Conclusion 

Past research shows that macroalgal morphological characteristics are largely driven by a wave 
exposure while others have suggested a complex interaction between various environmental 
variables. We confirm that wave variables are the main driver of kelp morphological characteristics 
in both E. maxima and L. pallida populations around the Cape Peninsula, and differences in 
morphological characteristics between shallow and deep populations of E. maxima may reflect 
differences in hydrodynamic and temperature regimes. This study also confirms the findings of 
previous research which shows morphological adaptation is dependent on the magnitude of wave 
exposure, but also provides quantitative, reproducible measure of wave exposure while identifying 
the specific wave metrics and wave energy thresholds involved. Furthermore, the current study 
highlights the need to understand how kelp populations, which are not exposed to high wave energy 
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and morphological characteristics are largely driven by temperature, are vulnerable to changes in 
storm frequency and magnitude. Kelp populations located in low wave energy environments, such 
as False Bay, may be more vulnerable to increased storm frequency and magnitude in future 
climate scenarios. 

2.4.2 Supplementary Material 

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fmars.2020.00567/full#supplementary-material 
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3 : Numerical experiment investigating the influence of 
drag on trajectory patterns of floating macroalgae 

 

  

In this chapter, I aimed to use a numerical approach to shed light on the role of hydrodynamic 
and direct wind drag (windage) on floating E. maxima trajectory using Lagrangian-based 
trajectory simulations and site-specific kelp morphological characteristics characterised in 
chapter 2 (kelp morphology). Once established, would allow for further investigation into the 
spatial distribution patterns of floating E. maxima on the surface and seafloor in Chapter 4. 
The main findings from this chapter were: 

• Solitary floating virtual E. maxima particles follow the prevailing surface currents.  
• Inclusion of hydrodynamic drag caused the trajectories to differ greatly from that of a 

purely Lagrangian particle. 
• Windage did not significantly alter trajectories of virtual kelp particles. 
• Inclusion of both hydrodynamic and wind drag caused clustering of particles along the 

trajectory as well as caused particles to become entrained in eddies. 
• Oceanographic processes in the study region, Benguela Jet and mesoscale 

processes, play a significant role in overall trajectory.   
• Stokes drift did not alter trajectories. 
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3.1 Introduction 

Passive dispersal vectors of marine taxa include a range of natural and anthropogenic objects that 
float in the ocean, and kelp are regarded as one of the most important of these (Edgar, 1987; 
Norton, 1992; Bushing, 1994; Holmquist, 1994; Helmuth et al., 1994; Smith, 2002; McCormick et al., 
2008). Floating macroalgae are regarded as important transport mechanisms for marine 
invertebrates, which remain attached to the plant when dislodged from the substratum (Edgar, 1987; 
Norton, 1992; Bushing, 1994; Holmquist, 1994; Helmuth et al., 1994; Smith, 2002; McCormick et al., 
2008). For example, a study by Holmquist (1994) investigated the long-distance dispersal of the 
bivalve Gaimardia trapesina Lamarck via drifting kelp. The authors used observational techniques to 
quantify kelp rafts along with haphazard sampling of the kelp rafts observed. Genetic samples were 
taken from the target species for each of the haphazardly sampled kelp rafts for comparison 
amongst populations. The results suggest that kelp rafting, along with the local wind patterns, most 
likely played a key role in the dispersal of G. trapesina between genetically similar but spatially 
disconnected populations.  

Some macroalgal species are negatively buoyant and sink to the seafloor when detached from the 
substrate, while other species have air-filled pneumatocysts or stipes, which allow the plants to 
remain at the surface where light is more abundant and, in turn, cause plants to float to the surface 
when detached, potentially remaining alive for extended periods of time. The structure and number 
of pneumatocysts vary among species. For example, species belonging to the genera Macrocystis, 
Sargassum, Ascophyllum, and Fucus have thalli with many small pneumatocysts, while other 
species such as Nereocystis luetkeana (K.Mertens) Postels & Ruprecht, Pelagophycus porra 
(Léman) Setchell, Ecklonia radiata (C.Agardh) J.Agardh, and Ecklonia maxima (Osbeck) Papenfuss 
have single, large pneumatocysts (Dayton, 1985; Smith, 2002; Thiel and Gutow, 2005; Graiff et al., 
2016; Batista et al., 2018). In some cases, the stipe itself may be air-filled, such as with E. maxima 
and E. radiata. Although there have been reports of floating species of Chlorophyta and 
Rhodophyta, Phaeophyceae species are the most reported forms of floating algae. This is most 
likely because the green and red species reported to float are not actually positively buoyant, but 
instead are kept at the surface by gas trapped in-between or in their thalli (Dromgoole, 1982; Bäck 
et al., 2000). The giant kelp Macrocystis pyrifera (Linnaeus) C.Agardh (Helmuth et al., 1994; 
Kingsford, 1995; Hobday, 2000b; Macaya et al., 2005; Graiff et al., 2016; Batista et al., 2018), the 
bull kelp Durvillaea antarctica (Chamisso) Hariot (Smith, 2002; Collins et al., 2010; Wichmann et al., 
2012; Tala et al., 2013, 2017; Saunders, 2014; Batista et al., 2018), and pelagic Sargassum species 
(Brooks et al., 2018, 2019; Putman et al., 2018, 2020; Wang et al., 2019) have been the focus of 
much of the research regarding spatial and temporal dispersal patterns, the ecological role of rafting, 
marine connectivity, and raft-time. 
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Past research points to macroalgal trajectories being largely determined by a combination of 
prevailing wind conditions and surface currents (Hobday, 2000b; Thiel and Gutow, 2005; Rothäusler 
et al., 2011; Fraser et al., 2011). Although ocean currents are regarded as the primary influence, the 
relative importance of wind versus surface current is still unclear, although the role of wind has been 
recognised as important in several studies. For example, a study by Harrold and Lisin (1989) 
investigated the seasonal trajectories of radio-transmitter tagged M. pyrifera in nearshore Monterey 
Bay. The results showed that kelp rafts, with little surface area exposed to the wind, were largely 
driven by a combination of wind and surface currents; however, the relative importance of wind was 
not clear. This work also showed that the trajectories of tagged kelp were congruent with the 
formation of eddies during winter. Other studies have used genetic approaches to determine 
macroalgal raft trajectory characteristics by inferring source location from genetically similar 
populations. For example, a study by Nikula et al. (2013) used genetic markers (mtDNA and AFLP) 
of invertebrate species to show that in the sub-Antarctic latitudes, the West Wind Drift causes 
continuous unidirectional surface flow and is regarded as an important mechanism for dispersal of 
floating bull kelp D. antarctica. Another study by Fraser et al. (2011) on the rafting capabilities of D. 
antarctica used a combination of population genetics and relative age estimate of goose barnacles 
attached to kelp rafts. The presence of goose barnacles suggests a long rafting time as these 
species have a slow growth rate. Genetic analyses showed these species can raft up to 390 km 
from their local origin. The authors suggested that wind and surface currents were the primary 
influences of trajectory; however, this was inferred from the genetic analyses and local climatology 
data (Fraser et al., 2011). 

Besides wind and surface currents, waves are also an important ocean feature and work by the 
maritime industry has shown that the size, shape, and orientation of an object determine the relative 
importance of waves or wind as drivers of trajectory (Grue and Biberg, 1993; Breivik et al., 2011). In 
general, if the length of the object is longer than the significant wave height, then waves will be the 
primary driver of trajectory, while the opposite is true for shorter objects where the effect of waves is 
regarded as negligible (Grue and Biberg, 1993; Breivik et al., 2011). Stokes drift is a wave-driven 
process, and previous work has identified this as an aspect that needs to be considered when 
investigating dispersal of macroalgal species. Stokes drift is the net drift velocity of a particle floating 
at the ocean surface in the direction of wave propagation due to the differences between the velocity 
of the fluid particle and flow field (Bremer and Breivik, 2018). More generally, the particle floating at 
the surface moves slightly faster in the direction of the wave as a result of the oscillatory motion of 
fluid particles within a wave. Stokes drift can significantly influence the trajectory of a particle or 
object floating at the surface of the ocean. For example, work by Fraser et al., (2018) included 
Stokes drift into the advection scheme for a Lagrangian model used to investigate the dispersal 
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potential of the southern bull kelp D. antarctica to reach Antarctica. The results showed that the 
inclusion of wave-driven Stokes drift and mesoscale eddies suggest frequent incursions into King 
George Island Antarctica, which the authors attributed to storm-forced surface waves, further 
highlighting the role of wave-driven processes in the open ocean. 

Research has shown that buoyancy and drag also play a role in determining the trajectory and rate 
of transport for surface floating material (Furnans et al., 2008; Beron-Vera et al., 2016; Trinanes et 
al., 2016; D’Asaro et al., 2018; Gates et al., 2018; Onink et al., 2019; Shen et al., 2019). Therefore, 
to accurately determine the trajectory of kelp, both water and wind drag need to be considered. Drag 
is the force an object experiences when moving through a fluid which is proportional to the velocity 
of the object (Vogel, 2020). The fluid viscosity and the friction from the surface of the object results 
in the overall drag component, as well as the surface area and shape of the object (Vogel, 2020). If 
the object is partially submerged, as a result of buoyancy forces, then drag will be a combination of 
drag from the air and fluid (Vogel, 2020). The ‘sail’ area of an object floating at sea is the surface 
area exposed to the wind (air), which results in air-form drag, while the area of the object below the 
surface of the water is exposed to surface currents which results in hydrodynamic-form drag (Breivik 
et al., 2011; Griffin et al., 2017). Allen and Plourde (1999) and Breivik et al. (2011) have provided 
estimates of drag for various objects based on experimental work using both direct and indirect 
methods of the Leeway model; however, this work did not consider biological material such as 
macroalgae. Therefore, no drag estimates exist for macroalgae floating at the surface of the ocean, 
and alternative approaches should be used to account for the drag components. Although drag 
estimates do exist, these have been applied for kelp not detached from the substratum and are 
regarded as fixed-point estimates (Denny et al., 1997; Gaylord and Denny, 1997; Denny and 
Roberson, 2002; Denny and Gaylord, 2002). 

Although various approaches have been used in the past to investigate floating macroalgal 
trajectories, very few studies have employed the use of Lagrangian trajectory modelling. Works by 
Brooks et al. (2019), Putman et al. (2018), and Putman et al. (2020) used Lagrangian approaches to 
investigate the effects of inertia, raft size, and windage (drag from the wind) on kelp trajectory. For 
example, Brooks et al. (2019) used a custom growth model to estimate changes in biomass and 
ultimately radial size, while a customised Hybrid Coordinate Ocean Model (HYCOM) for the 
trajectory simulations was used. Their results showed that the trajectory of pelagic Sargassum was 
significantly influenced by inertia and the radial size of the rafts. The inclusion of wind into studies 
has also been performed on an ad-hoc basis, where a fraction of wind velocity field is simply added 
to the ocean velocity field in terms of the velocity vectors (meridional and zonal); for example, 1%, 
2%, 5% of the ocean velocity field has been used previously (Putman et al., 2018, 2020). Putman et 
al., (2020) investigated the effect of including windage in kelp trajectory simulations and showed that 
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including ad-hoc windage factors greatly improved accuracy regarding entrainment or expulsion 
from eddies when compared to tracked Sargassum mats in the ocean. Lagrangian trajectory 
modelling is clearly a useful tool; however, the various models available often assume the object to 
either be purely Lagrangian (no drag) or to be only influenced by windage (drag from the wind), 
which is obviously not the case for both biological and anthropogenic forms of marine debris in 
nature. The radial size in relation to windage included by Brooks et al. (2019) is an improvement, but 
this approach does not consider hydrodynamic drag. Another example is work by Zhong et al. 
(2012) describing Sargassum distribution in relation to mesoscale and submesoscale eddies by 
simulating passive tracers. The authors used two model configurations, one with an idealised eddy-
flow and another that simulates flow in the western region Gulf of Mexico to advect passive tracers 
as a proxy for Sargassum. The authors showed that mesoscale and submesoscale features both 
play a role in accumulation zones for the virtual Sargassum and were able to explain some of the 
observed accumulation of Sargassum in the study region. Treating the virtual Sargassum particles 
as passive tracers may be the reason for the unexplained patterns during comparison of simulated 
and observed distributions. The authors do mention running simulations which included Stokes drift 
and inertia using a Maxey-Riley approach, and state that it made no significant difference to the 
overall results. However, the authors only used density as a parameter for calculating the relevant 
forces by making the particles 10% lighter than the surrounding fluid. Additionally, the authors did 
not consider surface area or take hydrodynamic drag and windage into account, all of which are 
important influencers of trajectory. 

Gyres, eddies, and converging surface currents have been identified as important in the 
accumulation and dispersal of plastics and other marine debris (Brach et al., 2018; D’Asaro et al., 
2018; Onink et al., 2019). Investigations into the dispersal of marine debris have also included the 
possible effects of inertia in the accumulation of ocean drifter instruments in mesoscale features. For 
example, Beron-Vera et al. (2016) used a modelling approach to investigate the role of Ekman 
transport and inertia to explain the observed behaviour of undrogued drifters in the ocean gyres. 
Undrogued drifter trajectory is affected by wind, unlike the drogue counterparts which makes the 
effects of wind negligible. The results showed that inertia, not Ekman transport, played a significant 
role in the observed drifter behaviour (Beron-Vera et al., 2016). These authors also noted that the 
presence of other flotsam, along with the undrogued drifters in ocean gyres, suggests that aspects 
of inertia also play a role in the accumulation of other marine debris (Beron-Vera et al., 2016). The 
approach by Beron-Vera et al. (2016) has also been improved upon by Beron-Vera et al. (2019) and 
highlights the significant role of inertia in flotsam trajectory and accumulation. 

I aim to use a numerical approach to shed light on the role of hydrodynamic and direct wind drag 
(windage) on macroalgal drift trajectory using Lagrangian-based trajectory simulations. The 
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‘behaviour’ of surface drifting kelp is investigated with a specific focus on trajectories from a coastal 
environment to the open ocean. I achieved this by comparing the trajectory outputs of virtual passive 
particles (purely Lagrangian i.e. no drag characteristics added, as a reference) with kelp particles 
(drag characteristics added) with surface area exposed to the various drag components. 

3.2 Methods 

3.2.1 Study site 

The region of interest for this study was the Cape Peninsula in the Western Cape, South Africa 
(Figure 3:1A). Kommetjie, located on the Atlantic side of the Cape Peninsula (Figure 3:1B), was 
chosen as a release site. The hydrodynamics in the study region are characterised by a complex 
interaction of wind, sea waves and ocean swell, and are also influenced by larger-scale regional 
oceanic processes. The larger processes in the region can be attributed to the Agulhas Current (AC) 
and the Benguela Current (BC) (Garzoli et al., 1996; Lutjeharms et al., 2000; Lutjeharms, 2007; 
Hutchings et al., 2009; Rubio et al., 2009). The AC is a component of the South-west Indian Ocean 
sub-gyre, flowing predominantly south-westward along the continental shelf edge and eventually 
retroreflecting eastward back into the South Indian Ocean (Lutjeharms et al., 2000; Lutjeharms, 
2007). 

The region where the retroflection occurs is known as the Agulhas Retroflection and consists of high 
levels of mesoscale variability (Garzoli et al., 1996). The variability results in shedding of rings and 
filaments known as the Agulhas Rings and have an average diameter of ~324km (Lutjeharms and 
Van Ballegooyen, 1988; Lutjeharms, 2007). Agulhas Rings are the main contributors to the Agulhas 
leakage, which is the transport of warm water from the Indian Ocean to the South Atlantic Ocean 
(Garzoli et al., 1996; Beal et al., 2015). The Agulhas leakage is also a source of mesoscale 
variability within the Benguela region as anticyclonic rings are shed and drift north-westward along 
the southern Benguela slope (Rubio et al., 2009). The Benguela region—known as the Benguela 
Upwelling System (BUS)—is characterised by strong coastal upwelling which is primarily driven by 
equatorward winds (Shannon and Nelson, 1996; Hardman-Mountford et al., 2003; Veitch and 
Penven, 2017; Veitch et al., 2018). The BUS starts at 27°S and extends southward to 35°S 
(Shannon and Nelson, 1996). The region is also characterised by large amounts of mesoscale 
variability in the form of eddies and filaments (Blanke et al., 2002, 2005; Rubio et al., 2009). Inshore, 
the BUS is dominated by a north-westward flow, known as the Benguela Jet, due to topographical 
steering, wind stress and interactions with passing Agulhas Rings and eddies (Stramma and 
Peterson, 1989; Hutchings et al., 2009; Veitch et al., 2010, 2018; Veitch and Penven, 2017). The 
stability of the jet varies seasonally with more stable flows in winter; in January, the jet begins to split 
between Cape Point and Cape Columbine (Blanke et al., 2002, 2005; Veitch et al., 2018) which 
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results in a weak narrow inshore branch that flows along the shelf edge and a strong flowing north-
westwards offshore branch. These winds are most intense during Austral summer (December-
March), which favours upwelling conditions in the region, and also act to reinforce the flow of the 
Benguela Jet, which favours upwelling waters contributing to the across-shore density gradient 
(Ragoasha et al., 2019). In Austral winter, the wind direction is reversed, which decreases upwelling 
favourable conditions, but the core of the Benguela Jet is maintained by the intrusion of warm 
Agulhas waters into the Benguela region over the shelf edge (Hutchings et al., 2009; Veitch et al., 
2018; Ragoasha et al., 2019). 

 

Figure 3:1 Map of the study domain and the main features pertaining to transport in the region. In panel A, the map of the 
western portion of the South African coastline and the main currents are presented. The resulting eddies and filaments 
forming from the Agulhas Retroflection are indicated, and the position of the study area is drawn in as a black rectangle. 
Details of the study area are given in panel B. Here the splitting of the Benguela Jet, eddy features, and the general flow 
within the study domain are presented. The release site of simulated kelp ‘particles’ is represented by a black triangle. 

3.2.2 Numerical models 

Virtual particles were released with no drag effects from the study site to act as a reference for 
comparison to simulations with varying combinations of hydrodynamic and wind drag and are 
referred to hereafter as ‘passive particles.’ All particles that have any form of drag exposure are 
hereafter referred to as ‘kelp particles.’ All simulations have the same release location. The release 
site, Kommetjie, is in an area of a known kelp population, which a previous study by Coppin et al., 
(2020) collected morphological data from. Due to the resolution of the underlying ocean model (see 
‘Flow-models’ section), nearshore processes are not resolved well. Therefore, the release site was 
placed in the adjacent grid cell in order to better represent offshore transport and to avoid model 
limitations with regard to nearshore transport. Since the aim of this investigation was to investigate 
the relative surface behaviour of virtual kelp particles, only the surface layer of the underpinning 
ocean models was used.  
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The time-period used in all simulations was Austral summer, autumn, winter, and spring of 2018. 
These time periods were chosen based on variable mesoscale activities and stability of the 
Benguela Jet that occurs throughout the year. For example, the splitting of the Benguela Jet occurs 
in January, which also coincides with a period of higher wind intensity, upwelling along the coast and 
mesoscale activity, while in winter the Benguela Jet begins to stabilise until summer (Rubio et al., 
2009; Ragoasha et al., 2019; Veitch et al., 2019). Simulations were executed for the duration of 
each season, with 3-hourly timesteps and 3-hourly outputs using a fourth order Runge-Kutta 
advection scheme for both passive and kelp particles. Drag components for kelp particles were 
incorporated by the modifiable component of the OceanParcels advection scheme (North et al., 
2009; Van Sebille et al., 2018). Simulations included both single and repeated releases. For the 
repeated releases, the appropriate repeated release time was identified by comparing density 
distribution maps of 1-hour, 3-hour, 6-hour, and 12-hour release times (see Appendix; Figure A2). 
The appropriate repeated release time identified was every 3 hours for repeated releases. 

To test the different magnitudes that hydrodynamic and wind drag might play in the overall 
trajectory, simulations were run with degrees of drag exposure scenarios based on personal 
observations of drifting kelp. This acts as a proxy for buoyancy, which determines the surface area 
exposed to hydrodynamic and wind drag. These estimates were expressed as percentages which 
were used to calculate hydrodynamics and wind drag for the applicable simulation. The scenarios 
used in this study were 100% and 85% for hydrodynamic and Stokes drift drag and 0% and 15% for 
wind. Simulations were separated into fully submerged (100% hydrodynamic drag and 0% wind 
drag, Figure 3.2A) and partially submerged (85% hydrodynamic drag, and 15% wind drag, Figure 
3.2C-D) categories. For each of the categories, particles were advected with different combinations 
of flow fields (currents, currents-Stokes drift, currents-wind, currents-wind-Stokes drift). A similar 
approach has been used in past research investigating the role of windage in distribution of pelagic 
Sargassum rafts by Putman et al., (2018) and Putman et al., (2020) in the form of ad-hoc windage 
estimates, although the authors did not include hydrodynamic drag unlike the current study.  

To determine if vortices and eddies play a role in kelp accumulation on the surface, a separate set of 
simulations were performed. Unlike the previous simulations, these simulations released 10 particles 
over the latitudinal extent of the study domain from the study site, equidistant from each other. The 
release sites cover a region where eddies and vortices are mostly likely to form. 

3.2.3 Particle tracking model 

The model is based on parameterisations that have been used for previous studies investigating the 
dispersal patterns of various flotsam by implementing custom parameterisations of Lagrangian 
trajectory models (Furnans et al., 2008; Beron-Vera et al., 2016; Hart-Davis et al., 2018; Brooks et 

http://etd.uwc.za/



 

 65 

al., 2019; Jutzeler et al., 2020; Putman et al., 2020). Once dislodged, kelp can accumulate on the 
surface and become entangled to form a dense mat known as a kelp raft (Hobday, 2000a; Smith, 
2002). Kelp rafts are not a common feature around the coast of the Cape Peninsula; rather, solitary 
kelp is (pers. obs). Therefore, the trajectory of only solitary E. maxima individuals was considered. 
All simulations in this study used the OceanParcels software package (version 2.0), which is an 
open-source, customisable Lagrangian Trajectory tool (Delandmeter and Van Sebille, 2019). 
OceanParcels calculates the advection of particle trajectory with a Lagrangian method (Delandmeter 
and Van Sebille, 2019), which can be described by the equation: 

𝑋(𝑡 + 𝛥𝑡) = 𝑋(𝑡) + ∫ 𝑣(𝑥, 𝜏)𝑑𝜏
𝑡+𝛥𝑡

𝑡
+ 𝛥𝑋𝑏(𝑡) 

( 3.1 ) 
Here, 𝑋(𝑡 + 𝛥𝑡) is the position after a timestep 𝛥𝑡, 𝑣(𝑥, 𝑡) is the ocean velocity field at that location, 
𝑑𝑡 is the time-step and 𝛥𝑋𝑏(𝑡) is a change in position due to ‘behaviour’ or some kind of effect. To 

determine the new position of a particle, the integral has to be calculated. To investigate the effects 
of drag components of trajectory of floating macroalgae, this study incorporated drag as the custom 
behaviour for virtual kelp particles and zero effect for passive particles.  

This study simulated two scenarios: one where the plant is fully submerged and only exposed to 
hydrodynamic drag and/or Stoke drift, and the other where parts of the plants are partially exposed 
resulting in combinations of hydrodynamic and air form drag. Drag based on spherical shape-based 
coefficients were used in the calculations for determining the overall kelp velocity vectors (see ‘Drag 

components’ section). The assumption made was that the mass of the kelp did not change for each 
virtual kelp particle over the course of the simulations. All velocity components (Hydrodynamic drag, 
wind drag, Stokes drift drag, and surface current-flow) are two-dimensional vector quantities and 
were calculated for each time step for each simulation.  

3.2.4 Model inputs 

3.2.4.1 Cross-sectional area and simulation scenarios 

To incorporate the various forms of drag, the cross-sectional area of the kelp was first calculated. 
Known geometric shapes reflecting the relevant plant sections were used to estimate the surface 
area for various parts of the plant (Figure 3:2A). The structure of E. maxima consists of a single 
primary blade that develops above a gas-filled float and a hollow stipe below. Secondary blades 
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Figure 3:2 Panel A is a diagram of the E. maxima morphological characteristics considered in this study, along with the 
associated geometric shapes used to calculate the overall surface area of each morphological characteristic. Panel B 
represents the fully submerged scenario, panel C represents the combined drag scenario when kelp is partially 
submerged, and panel D represents a partially submerged kelp exposed to hydrodynamic drag and momentum transfer 
from the wind when in the same direction of the current. The kelp Schematic was adapted from Dyer, (2018). 

are produced laterally from the primary blade from several meristematic regions along the margins 
of the primary blade and is held to the substrate by finger-like haptera known collectively as the 
holdfast (Dyer, 2018). For details refer to Figure 3:2. 

Table 3:1 Summary of the attributes and estimates used to calculate the overall surface area of Kommetjie kelp individuals 
used in the various simulations. Approximate shape refers to the dimensions of the geometric shape used to represent a 
particular characteristic. Equations used are the equations relating to the dimensions used for the geometric shape 
estimate. Plant dimensions are the measurements used, collected in previous work by Coppin et al., (2020), used to 
calculate the associated surface areas. Ac refers to the cross-sectional area calculated. The total surface areas for each 
plant characteristic for each surface area type make up the remaining columns. Where applicable r is the radius, h is the 
height, l is the length, w is the width, and h is the height. 

Plant 
characteristic 

Approximate 
shape Equation Used Plant 

dimensions Ac Minimum Ac Mean Ac 
Maximum 

Secondary blade Rectangle Ac = 2lw + 2lh + 
2wh 

frond length, 
frond width*, 

frond thickness* 
1,135.61 1,993.18 2,550.00 

Primary blade Rhombus Ac = (lxb)/2 primary length, 
primary width 96.00 261.62 536.50 
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Plant 
characteristic 

Approximate 
shape Equation Used Plant 

dimensions Ac Minimum Ac Mean Ac 
Maximum 

Bulb/pneomatocys
t Capsule Ac = 4πr2+ 2πrh 

bulb length*, 
bulb base 

radius* 
628.32 628.32 628.32 

Stipe Cylinder Ac = 2πr(r + h) 
stipe radius from 

stipe 
circumference, 

stipe length 
9,797.27 19,338.49 34,273.35 

Holdfast area Conical 
frustrum 

Ac =π(R2 + r2) + 
π(R+r)√((R-r)2 + 

h2) 

top radius*, 
bottom radius*, 

height* 
639.76 639.76 639.76 

   total area 
(centimetres) 12,296.96 22,861.37 38,627.93 

   total area 
(meters) 122.97 228.61 386.28 

 N/A 
mass (kg) = stipe 

mass + (frond 
mass x 6) 

total mass (kg) 17.10 34.45 48.65 

 

The dimensional data needed were estimated in cases where data were not available for that 
morphological characteristic. The bulb/pneumatocyst is a highly variable morphological feature and 
in some cases can appear absent; the same is true for the holdfast. Therefore, a standard cross-
sectional area was used for both the bulb and holdfast, for all simulations. 

The cross-sectional area calculated was site-specific and the dimensions needed were garnered 
from morphology data from a previous study by Coppin et al., (2020). The minimum, mean and 
maximum cross-sectional areas (Ac, Table 3:1) were calculated for each morphological 
characteristic, which were used for calculating the overall cross-sectional area needed to run the 
various simulations. Initially, experiments included minimum and mean surface areas, but no 
differences could be seen. Therefore, the minimum and mean cross-sectional areas were ignored, 
and simulations only considered the maximum cross-sectional area. Different combinations of flow 
fields were used for both passive and kelp particles, in order to determine the influence of drag 
(hydrodynamic, Stokes drift and wind) on macroalgal trajectory. The different combinations of flow 
fields and the associated drag components are hereafter referred to as ‘scenarios.’ A summary of 

the simulations executed is provided in Table 3:2 

Table 3:2 Details for each simulation run for the study. Type refers to either a passive particle with no drag behaviour or a 
kelp particle that has been advected with any type of drag exposure. The Number column refers to the simulation number, 
the condition column refers to the situation under which the particle is being advected, the advection column refers to the 
underlying velocity field or combination thereof, the simulation column refers to the type of particle (passive or kelp), and 
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the season refers to the seasonal time period of the simulation. The run-time for summer simulations was 89, autumn 91, 
winter 91 and spring 91. The simulation output for all simulations was 3 hours and advected with a Runge-Kutta fourth 
order advection scheme. Particles were released every 3 hours for simulations which executed repeated releases 

No. Condition Advection Simulation Season 
1 
2 
3 
4 

Passive particle, Single Currents No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

5 
6 
7 
8 

Passive particle, Single Currents and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

9 
10 
11 
12 

Passive particle, Single Currents and wind No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

13 
14 
15 
16 

Passive particle, Single Currents, wind and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

17 
18 
19 
20 

Kelp fully submerged, 
Single Currents Hydrodynamic drag only 

Summer 
Autumn 
Winter 
Spring 

21 
22 
23 
24 

Kelp fully submerged, 
Single Currents and Stokes Hydrodynamic and Stokes drag 

Summer 
Autumn 
Winter 
Spring 

25 
26 
27 
28 

Kelp partially submerged, 
Single Currents and wind Hydrodynamic and wind drag 

Summer 
Autumn 
Winter 
Spring 

29 
30 
31 
32 

Kelp partially submerged, 
Single Currents, wind and Stokes Hydrodynamic, wind and Stokes drag 

Summer 
Autumn 
Winter 
Spring 

33 
34 
35 
36 

Passive particle, Repeated 
release Currents No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 
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No. Condition Advection Simulation Season 
37 
38 
39 
40 

Passive particle, Repeated 
release Currents and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

41 
42 
43 
44 

Passive particle, Repeated 
release Currents and wind No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

45 
46 
47 
48 

Passive particle, Repeated 
release Currents, wind and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

49 
50 
51 
52 

Kelp fully submerged, 
Repeated release Currents Hydrodynamic drag only 

Summer 
Autumn 
Winter 
Spring 

53 
54 
55 
56 

Kelp fully submerged, 
Repeated release Currents and Stokes Hydrodynamic and Stokes drag 

Summer 
Autumn 
Winter 
Spring  

57 
58 
59 
60 

Kelp partially submerged, 
Repeated release Currents and wind Hydrodynamic and wind drag 

Summer 
Autumn 
Winter 
Spring 

61 
62 
63 
64 

Kelp partially submerged, 
Repeated release Currents, wind and Stokes Hydrodynamic, wind and Stokes drag 

Summer 
Autumn 
Winter 
Spring 

65 
66 
67 
68 

Passive particle, Line 
experiment, Single Currents No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

69 
70 
71 
72 

Passive particle, Line 
experiment, Single Currents and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

73 
74 
75 
76 

Passive particle, Line 
experiment, Single Currents and wind No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 
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No. Condition Advection Simulation Season 
77 
78 
79 
80 

Passive particle, Line 
experiment, Single Currents, wind and Stokes No drag, purely Lagrangian 

Summer 
Autumn 
Winter 
Spring 

81 
82 
83 
84 

Kelp fully submerged, Line 
experiment, Single Currents Hydrodynamic drag only 

Summer 
Autumn 
Winter 
Spring 

85 
86 
87 
88 

Kelp fully submerged, Line 
experiment, Single Currents and Stokes Hydrodynamic and Stokes drag 

Summer 
Autumn 
Winter 
Spring 

89 
90 
91 
92 

Kelp partially submerged, 
Line experiment, Single Currents and wind Hydrodynamic and wind drag 

Summer 
Autumn 
Winter 
Spring 

93 
94 
95 
96 

Kelp partially submerged, 
Line experiment, Single Currents, wind and Stokes Hydrodynamic, wind and Stokes drag 

Summer 
Autumn 
Winter 
Spring 

     

                     

Drag components 

Drag components calculated were incorporated into simulations by means of the modifiable custom 
behaviour component of the underling OceanParcels advection scheme. The drag coefficient for a 
spherical particle was used in the calculation of hydrodynamic drag, as the trajectory model 
assumes the particles are spherical. Although this may be considered a limitation, this study uses a 
spherical drag coefficient regardless, as no experimental based drag coefficients have been 
established for macroalgae floating on the surface. The drag equation used was: 

𝐹𝑑 = (0.5𝜌𝐴𝑐𝐶𝑑𝑈2)/𝑚, 

( 3.2 ) 
where 𝜌 is the density of seawater or air, 𝐴𝑐 is the cross-sectional area exposed to the relevant drag 
component, 𝐶𝑑 is the drag coefficient for a spherical particle, 𝑚 is the total mass of the plant, and 𝑈 
is the surface velocity vector of the flow-/wind- field. Dividing the calculated force by the mass of the 
plant transforms it to the appropriate units (m/s) for use in the trajectory modelling script. 
Hydrodynamic, wind drag, and Stokes drift components were calculated separately for both the 
meridional and zonal velocity vectors (Furnans et al., 2008; Putman et al., 2018, 2020). The same 
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equation and approach used to calculate hydrodynamic drag, was also used to calculate drag 
resulting from wind and Stokes drift components. Since drag force is dependent on the velocity 
vectors, which vary with time, the meridional and zonal velocities were interpolated and used in the 
drag force calculation for each time step. The velocity of the resultant drag component is then added 
to the particle velocity, which is based on the underlying Euerlian flow field and determines the 
overall velocity of the particle and grid node position. 

3.2.4.2 Flow models 

Both passive and kelp particles were simulated around the South African coastline within hindcast 
outputs from the Copernicus Marine Environment Monitoring Service (Copernicus, 
http://marine.copernicus.com). The Copernicus model is based on the modelling framework known 
as Nucleus for European Modelling of the Ocean (NEMO). The Copernicus outputs used in this 
study contain 3D daily current information from the surface layer to the bottom (Global Analysis 
Forecast PHY_001_030). The model has a spatial resolution of 0.08 geographical degrees and is 
interpolated on a rectangular grid. To incorporate the effects of direct wind drag within the 
simulations, the Copernicus Marine Environment Monitoring Service global wind product was used 
(Global Ocean Wind L4_NRT_012_006). The outputs from the model are composed of 6-hourly 
averaged fields of surface 10 m wind velocity vectors with a spatial resolution of 0.25 geographical 
degrees. Finally, to test the direct effects of Stokes-drift, the Copernicus Marine Environment 
Monitoring Service global wave product was used (Global Analysis Forecast WAVE_001_027), 
composed of 3-hourly instantaneous velocity vectors on a standard grid at 0.08 geographical 
degrees. Averaged ocean current, wind, and Stokes drift data are stored as meridional and zonal 
velocity vectors. Important to note, velocity vectors for both the ocean and wind models cover 
portions of land near the coast and, in the case of the wind model, significant portions of land. In 
order to prevent particles crossing over onto land, a landmask was incorporated into simulations 
which removes the particle from the simulation if it makes contact with land. 

3.2.5 Analysis 

To compare trajectories between scenarios and seasons, trajectories were plotted, and density 
distribution maps were produced. Single trajectories allow comparison of pathways between 
scenarios, and density distribution maps are an effective method for assessing pathways and ocean 
connectivity (Van Sebille et al., 2018). The distance that particles travelled was also measured and 
used to produce boxplots. Distance travelled from the release site can help reveal topographic 
steering and momentum energy transfer from the wind field to kelp particles (Van Sebille et al., 
2018). If the wind direction is in the same direction as the current the virtual particles will cover 
larger distances due to an increase in the velocity because of momentum energy transfer (Putman 
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et al., 2018, 2020; Van Sebille et al., 2018). Topographic steering occurs when ocean currents make 
contact with underlying bathymetry features, such as sea mounts and ridges. Under topographic 
steering, currents will tend to follow lines of constant potential vorticity (Davis, 1991; Van Sebille et 
al., 2018). 

3.3 Results 

Overall, the results showed that the inclusion of drag parameters influenced trajectory patterns and 
entrainment patterns of virtual kelp particles. Single trajectories for each of the scenarios will be 
presented, followed by the comparison of density distributions and distance travelled by particles. 
Finally, the results from the separate set of experiments advecting single particles across the study 
domain will be presented. 

3.3.1 Trajectory comparison 

The trajectories of the virtual kelp under different drag scenarios during Austral summer show no 
differences with those of passive particles advected by currents but do differ with passive particles 
advected by the different combinations of currents, Stokes drift and wind fields (Austral summer; 
Figure 3:3A). Any passive scenario which included wind made contact with land almost immediately 
after release (Figure 3:3A). The results from the simulations of virtual kelp particles show no 
differences between scenarios. Any passive particles advected with Stokes drift travelled further 
than those that did not, while the combination of wind and currents for passive particles travelled the 
least distance compared to the other simulations for the same time period (Figure 3:3A). In all 
simulations for Austral summer, particles flowed north-westward except for the currents and wind 
combination for passive particles, which initially travelled shoreward. 
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Figure 3:3 Comparison of single trajectories. Simulations 1, 5, 9, 13, 17, 21, 25, 29 are represented in panel A (Austral 
summer simulations), 2, 6, 10, 14, 18, 22, 26, 30 in panel B (Austal autumn simulations), 3, 7, 11, 15, 19, 23, 27, 31 in 
panel C (Austral winter simulations), and 4, 8, 12, 16, 20, 24, 28, 32 in panel D (Austral spring simulations). Overlapping of 
line types will be represented by a solid black line for kelp particles. Faint grey lines represent the various bathymetry 
layers. 

The trajectories of kelp particles across all drag scenarios showed no difference with passive 
particles advected by currents, but differences between the other passive scenarios were evident for 
Austral autumn (Figure 3:3B). When comparing passive particles, only slight variations were evident 
for any simulation including Stokes drift, while currents and currents-wind showed slight variations 
between each other; with passive particles advected by currents travelling further offshore. The 
results from the simulations show that any scenario, including Stokes drift for the passive particles, 
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results in the trajectories flowing closer to shore (Figure 3:3B). Particles flowed in a north-westward 
direction and then slightly eastward near the end of the simulation run, across all simulations for 
both passive and kelp particles. 

No differences were evident across drag scenarios between kelp particles and between passive 
particles advected by currents for Austral winter (Figure 3:3C). All other passive scenarios made 
contact with land almost immediately after release. Unlike the previous time periods, the overall 
direction for both passive and kelp particles was shoreward (eastwards) and then south along the 
eastern part of the coastline. In Austral spring, no differences between kelp particles with different 
drag scenarios were evident, and variation was evident between kelp particle scenarios and passive 
particles advected by currents (Figure 3:3D). When comparing passive particles, only particles 
advected by currents did not immediately make contact with land after release.  

Particles travelled north-westward across all scenarios for both passive and kelp particles. Overall, 
all kelp particles, regardless of the drag scenario, followed a similar trajectory as passive particles 
advected by currents across all seasons.  

3.3.2 Comparison of density distributions 

Density distributions summarising the conclusion of simulating all passive and kelp scenarios (Table 
3:2) are presented in below. Across all simulations for Austral summer, particles flow in a north-
westward direction. The only passive particle scenario that resulted in entrainment were particles 
advected by currents with particles concentrated on the boundary of the mesoscale feature (Figure 
3.4A). The passive particles that were advected with Stokes drift resulted in particles concentrating 
closer to shore, and less dispersion of particles off the continental shelf (Figure 3:4A). Passive 
particles advected by currents-wind showed greater dispersion over the continental shelf and closer 
to shore compared to the other passive particle scenarios. The density plots that considered any 
form of drag showed entrainment patterns, with kelp particles towards the centre of the mesoscale 
feature (Figure 3:4B). No differences were evident between different drag scenarios for kelp 
particles. 

In Austral autumn (Figure 3:4C-D), across all simulations, particles flowed in a north-westward 
direction. Passive particles advected by currents showed similar density distribution to kelp particles,  
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Figure 3:4 Comparison of density plots at the end-run time for both passive and kelp scenarios, for Austral summer (panel 
A - B) and autumn (panel C-D). Simulations 33, 37, 41, 45 are represented in panel A, 49, 53, 57, 61 are represented in 
panel B, simulations 34, 38, 42, 46 are represented in panel C, and simulations 50, 54, 58, 62 are represented in panel D. 
The plots are regular hexagons within which the density of particles were calculated. The reader is referred to Tables 1 
and 2 for details pertaining to each simulation. Faint grey lines represent the various bathymetry layers. 

but other passive particles scenarios showed no entrainment patterns (Figure 3:4C). The density 
plots for kelp particles with any drag scenario show slight entrainment patterns with no differences in 
density evident between kelp particle drag scenarios (Figure 3:4D). When comparing kelp particles 
to passive particles, clear differences in density were evident. Kelp particles are less concentrated 
along the overall trajectory compared to passive particles, which show a higher concentration of 
particles. 
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Figure 3:5 Comparison of density plots at the end-run time for both passive and kelp scenarios, for Austral winter (panel A-
B) and spring (panel C-D). Simulations 35, 39, 43, 47 are represented in panel A, 51, 55, 59, 63 are represented in panel 
B, simulations 36,40,44,48 are represented in panel C, and simulations 52, 56, 60, 64 are represented in panel D. The 
plots are regular hexagons within which the density of particles were calculated. The reader is referred to Tables 1 and 2 
for details pertaining to each simulation. Faint grey lines represent the various bathymetry layers. 

Simulations for Austral winter (Figure 3:5A-B) showed that the flow was also north-westward with 
only slight variation in density distribution for kelp particles and clear differences between passive 
particle scenarios. Clear differences are evident between passive particle scenarios (Figure 3:5A). 
Passive particles advected by currents show a similar density distribution to that of kelp particles for 
the same time period (Austral Winter, Figure 3:5A-B). Passive particles advected with Stokes drag 
showed distribution of particles closer to shore compared to the other passive scenarios. No 
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differences or variation was evident when comparing kelp particle drag scenarios, with all scenarios 
showing slight entrainment patterns in the north-westward portion of the study domain (Figure 3:5B). 
The currents-wind scenario differed from all the kelp and passive scenarios for the same time-period 
(Austral winter, Figure 3:5B) and showed large spread of particles over the study domain and 
surrounding mesoscale features offshore. 

Simulations executed for Austral spring (Figure 3:5C-D) showed no differences in density 
distribution between kelp particles. Passive particles for the same time-period (Austral spring, Figure 
3:5C) are concentrated along the overall trajectory and are less spread out. Passive particles that 
are close to mesoscale activity follow the boundary of the feature and do not spread out or become 
entrained (Figure 3:5C). Passive particles advected with Stokes drift are less distributed offshore 
and are instead concentrated along the overall trajectory and towards shore. Across all drag 
scenarios for kelp particles, entrainment patterns were evident, and particles were spread 
westwards across the study domain Figure 3:5B and Figure 3:5D). 

3.3.3 Comparison of distances 

The results for the comparison of distance travelled by passive and kelp particles across all 
scenarios and seasons are presented in Figure 3:6. There were no significant differences (Figure 
3:6; p > 0.05) for distance travelled across all kelp particles drag scenarios and seasons. Kelp 
particles travelled the least distance in Austral winter (Figure 3:6C) compared to other seasons and 
across passive particle scenarios. With regards to passive particles, clear differences and variation 
in the mean distance travelled were evident.  

For Austral summer, the currents-wind scenario for passive particles travelled significantly less 
distance compared to the other scenarios (currents, currents-Stokes drift, currents-wind-Stokes drift, 
Figure 3:6B). There were no significant differences in distance travelled between all passive 
scenarios for Austral autumn (p > 0.05; Figure 3:6D). For Austral winter, all passive particle 
scenarios with Stokes drift included travelled significantly less distance compared to other passive 
particle scenarios (p < 0.05; Figure 3:6F). The same was true for Austal spring, which also showed 
that passive particles with Stokes drift flow travelled significantly less distance compared to other 
passive particle scenarios (p < 0.05; Figure 3:6H). 
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Figure 3:6 Boxplots of total distance travelled by all particles from the release site over the course of the simulations for 
scenarios 1-64. The x-axis represents the scenario number, and the y-axis is the distance travelled in kilometres. The 
lower and upper hinges correspond to the first and third quartiles. The whiskers represent the range, solid black vertical 
lines represent the median, and black dots are outliers. The reader is referred to Tables 1 and 2 for details pertaining to 
each scenario. 

3.3.4 Line experiment 

The results from simulations which released single particles along the longitudinal extend of the 
study domain are presented in Figure 3:7 and Figure 3:8. When comparing kelp particles with 
different drag scenarios, no differences or even variation in the trajectory of single particles were 
evident from the results. Across all seasons and drag scenarios, kelp particles located from the edge 
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Figure 3:7 Comparison of single kelp and passive particle trajectories for all seasons released along a line from the study 
site (Kommetjie), equidistant apart. Colours represent the different trajectories executed within that scenario. Simulations 
65-68 are represented in panel A, 81-84 are represented in panel B, 69-72 are represented in panel C, and 85-88 in panel 
D. Faint grey lines represent the various bathymetry layers. Particles that travelled slow will have very little distance 
between points and will be represented by a solid line, while distance between particles suggests a faster travel time. Each 
colour represents an individual particle trajectory. 

of the continental shelf towards the eastern part of the study domain showed entrainment patterns 
and/or flowed northward. Kelp particles released from the study site (Kommetjie) did not show any 
entrainment patterns and flowed north-westward. When comparing passive particles advected with 
no drag but by the same combination of flow fields as kelp particles, differences and variation was 
evident. Passive particle trajectories across all advection scenarios generally flowed north-westward 
and/or flowed on the boundary of mesoscale features (Figure 3:7A&C and Figure 3:8A&C).  

Additionally, any passive scenario which included wind, hit land almost immediately or shortly after 
release (Figure 3:8A&C). Passive particles released further offshore travelled northward and 
showed no visible entrainment patterns, and the distances between points plotted suggests that 
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Figure 3:8 Comparison of single kelp and passive particle trajectories for all seasons released along a line from the study 
site (Kommetjie), equidistant apart. Simulations 73-76 are represented in panel A, 89-92 are represented in panel B, 77-80 
are represented in panel C, and 93-96 in panel D. Faint grey lines represent the various bathymetry layers. Particles that 
travelled slow will have very little distance between points and will be represented by a solid line, while distance between 
particles suggests a faster travel time. 

passive particle travelled faster compared to other passive scenarios, as well as kelp scenarios 
(Figure 3:8B&D).   

3.4 Discussion 

The findings from this study broaden our understanding of detached macroalgal trajectory patterns 
and behaviour in the ocean. In particular, the results show that consideration of drag and surface 
area are important when investigating macroalgal trajectory patterns. The treatment of drifting kelp 
as purely Lagrangian does not accurately determine patterns of passive dispersal, such as 
entrainment in eddies or vortices (Fossette et al., 2012; Miron et al., 2020). Although past research 
has shown the inclusion of inertia and windage greatly increase observed kelp trajectory and 
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entrainment characteristics (Brooks et al., 2018, 2019; Putman et al., 2018, 2020), it has focused on 
large macroalgal rafts, which can vary greatly in size and surface area. None of the extant research 
has taken advantage of the advancement in numerical ocean models and Lagrangian trajectory 
modelling to investigate how aspects of drag (hydrodynamic and wind) affect the trajectory patterns 
of solitary drifting kelp. This study compared particle trajectories with simulations that included no 
forms of drag with simulations that included various forms of drag. Kelp transport trajectory deviated 
from the passive trajectory when including varying levels of hydrodynamic and wind drag scenarios. 
The results from this study show the inclusion of hydrodynamic drag results in observable 
entrainment patterns and broaden our understanding of how surface area plays a role in solitary 
drifting kelp trajectory, in this case that of E. maxima. 

Past research has inferred from direct and indirect techniques that drifting macroalgae tend to follow 
the prevailing surface currents (Hobday 2000b; Thiel and Gutow, 2005; Rothäusler et al., 2011; 
Fraser et al., 2011). The results from this numerical experiment confirm that drifting macroalgae do 
follow the surface currents in the study region when considering only hydrodynamic drag. In 
addition, not only are the trajectories similar, but so are the endpoints at the end of simulation. 
Interestingly, when ad-hoc wind drag (windage) is considered in combination with hydrodynamic 
drag the end locations do not differ either. It was expected that the inclusion of wind drag would 
cause kelp particles to flow further away from the coast and with a greater distance travelled from 
the release location. Wind drag adds to the influence of current when the wind direction and current 
direction are opposite to each other. However, when the wind direction is in the same or similar 
direction to that of the current, momentum energy from the wind is transferred to the object (Hackett 
et al., 2006; Putman et al., 2020). This causes objects to travel further as well as become exposed 
to different time-varying flows. Past studies have shown this when including windage as a function of 
inertia (Putman et al., 2018, 2020; Brooks et al., 2019). A study by Putman et al. (2020) used ad-hoc 
windage factors that were based on the surface current velocity to assess the approach for 
improving transport predictions of pelagic Sargassum sp. The results showed that including ad-hoc 
windage factors improved virtual trajectories compared to tracked Sargassum sp. mats. This was 
partly due to the inclusion of momentum energy transfer from the wind. The results from this study 
suggest that when considering solitary floating kelp, the effect of wind in the form of momentum 
energy transfer is negligible and does not influence the overall trajectory. The previously mentioned 
studies, including wind drag, focused on rafts which would have a significantly larger surface area 
exposed to the wind compared to a solitary individual. Therefore, in this study, the surface area of 
kelp particles exposed to wind drag was not enough to influence the overall trajectory. A similar 
result was found by Le Gouvello et al. (2020), who investigated the effects of swimming behaviour 
on sea turtle hatchling dispersal in the Agulhas region. The results suggested that the hatchling 
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trajectories were mostly influenced by the ocean currents in the first year of hatching, as juveniles do 
not swim fast enough to alter their overall trajectory. Another possible reason considered was the 
resolution of the ocean model used.  

The resolution of the underlying ocean model is an important aspect of Lagrangian ocean modelling 
and must be able to resolve sub-grid scale ocean processes for finer scale applications. A study by 
Hart-Davis et al. (2018) assessed the inclusion of stochastic motion, wind, and currents in 
forecasting for search and rescue using the same ocean model used in this study. The authors 
found that the inclusion of Brownian motion greatly increased the accuracy in representing sub-grid 
scale processes and that the inclusion of wind, currents, and stochastic motion greatly improved 
forecasting applications. In this study, an eddy-resolving model was used, which greatly increases 
the sub-grid scale processes. Therefore, I argue that the lack of dissimilarity between trajectories of 
kelp particles is not a result of the ocean model used. Important to note is that the crossing of 
trajectories onto land resulted from the wind field. This would have resulted in the beaching of kelp; 
however, since this study focused on the transport of kelp in the open ocean, this was not 
considered a concern. Instead, the results highlight the role that wind plays in the beaching, which 
should be investigated and considered for future studies. 

The different trajectory patterns between seasons reflect the underlying seasonal variation in 
regional oceanography. Transport in the study region is driven by a combination of variation of 
alongshore jets and wind-induced Ekman transport of surface water (Rubio et al., 2009; Ragoasha 
et al., 2019; Veitch et al., 2019). Ragoasha et al. (2019) investigated the success of Lagrangian 
particles reaching St. Helena Bay from Cape Point using Lagrangian trajectory modelling and the 
inclusion of regional oceanographic processes. The authors showed that transport success was 
higher in spring due to the single coherent Benguela Jet, which is most intense over the 300 m 
isobath (Ragoasha et al., 2019). During the upwelling season (December-March) transport success 
was less efficient as particles tend to flow offshore. The move offshore was a result of the bifurcation 
of the Benguela Jet, which splits because of shoaling and causes particles to be exposed to higher 
amounts of mesoscale activity. In the winter months, the Benguela Jet was still split, but the flow 
weakened, which resulted in lower transport success (Ragoasha et al., 2019). Similar patterns were 
found in this study, suggesting that the difference in seasonal patterns reflects the regional 
oceanographic features, particularly the Benguela Jet. The addition of drag forces caused the kelp 
particles to cluster together compared to the passive particles, which were more evenly dispersed. 
This was most likely due to the shared drag characteristics among the kelp particles, which included 
the plants’ mass and surface area in the calculation. Other studies investigating flotsam trajectory 
characteristics have found similar results (Breivik et al., 2011; Miron et al., 2020; Olascoaga et al., 
2020). A study by Miron et al., (2020) conducted field experiments using a range of objects such as 
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spheres, cubes, and cuboids to investigate the effect of inertia on particle dynamics. The results 
from the study showed that objects tended to cluster according to the shape of the object, which the 
authors attributed to shared characteristics of inertia. Although drag force and not inertia were used 
in this study, the same conclusion applies—drag is, therefore, an important characteristic to consider 
when investigating or predicting solitary drifting macroalgal trajectories. 

The similarities between the different combined drag scenarios suggest that wind exposure did not 
significantly alter trajectories. Instead, the results from this study suggest that the inclusion of drag 
forces (both hydrodynamic and wind) in simulating macroalgal trajectory may result in improving the 
accuracy of modelling entrainment patterns. All the simulations that included any form of drag 
resulted in a high density of particles entrained in an eddy. The entrainment and expulsion from 
eddies and vortices are essential characteristics of floating kelp. Accuracy in predicting entrainment 
and expulsion of kelp rafts from eddies has been investigated previously by Putman et al., (2018, 
2020), who showed that including windage greatly improved entrainment patterns when comparing 
virtual and real Sargassum rafts. However, these studies investigated large rafts and not floating 
individuals. Inertia was based on the size/mass of the raft, while hydrodynamic and wind drag was 
based on current velocity and surface area. Therefore, the role of inertia may be negligible for a 
solitary individual, and instead, other forms of drag, such as in this study, should be considered. The 
results from this study suggest that the inclusion of hydrodynamic and/or wind drag was an 
important component when simulating virtual kelp particles and greatly increased the accuracy of 
entrainment and expulsion from sub-grid mesoscale oceanographic features, such as eddies and 
vortices. 

These results clearly show that the inclusion of drag greatly increases the number of particles 
entrained in mesoscale features within the study domain. Eddies may act as accumulation zones for 
kelp where the formation of rafts may occur, or the kelp is entrained for long enough to eventually 
sink in an area below the eddy. A study by Woodborne et al. (1989) references a site offshore 
approximately 120 km from Cape Columbine where dredged kelp was found, which coincides with 
the region where virtual kelp was entrained by an eddy. Finally, the inclusion of Stokes drift within 
the simulations had no effect on overall trajectory or entrainment patterns of virtual kelp particles, 
which suggests that the influence of waves is negligible with regards to solitary floating E. maxima. 
Past research has shown that the length of a floating object in relation to the significant wave height 
determines the influence of waves on the overall trajectory. Trajectories of objects with lengths 
shorter than the significant wave height will not be influenced by wave-related processes, in this 
case, Stokes drift (Allen and Plourde, 1999; Breivik et al., 2011; Griffin et al., 2017). 
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3.4.1 Conclusion 

Most of the past research has focused on large kelp rafts, which can vary greatly in size and shape; 
however, prior to our study, no research existed to clarify the drifting characteristics of solitary kelp. 
Understanding how to accurately model the distribution of solitary kelp will lead to a better 
understanding of accumulation zones and sinks and, ultimately, the ecological links pertaining to 
those processes. The ecological links characterised will highlight ecosystems that are tightly 
dependent on kelp for proper ecological functioning. These areas might also have unique 
biodiversity compared to surrounding areas where less detrital input is present. The findings from 
this study indicated that solitary floating virtual E. maxima particles tended to follow the prevailing 
surface currents and the inclusion of hydrodynamic drag caused the trajectories to differ greatly from 
that of a purely Lagrangian particle. Furthermore, the inclusion of both hydrodynamic and wind drag 
caused clustering of particles along the trajectory as well as caused particles to become entrained in 
eddies. Finally, Stokes drift drag did not influence trajectory and dispersal patterns of virtual kelp 
particles, suggesting that the effect of waves can be ignored when modelling solitary floating kelp. 
Overall, the inclusion of drag forces is a vital aspect to consider when investigating the dispersal 
patterns of solitary kelp, while differences in cross-sectional areas are not. This study also provided 
an approach which can be adapted to model any floating solitary kelp, provided the surface area can 
be estimated accurately. Our results further highlight the importance of regional oceanographic 
processes to better understand how kelp flotsam is dispersed in the ocean. In particular, I highlight 
the role of the Benguela Jet and mesoscale processes, which ultimately determine the transport 
success around the coast. Gaps in the research exist when considering what oceanographic 
processes play a role in solitary macroalgal dispersal. The identification of biological and physical 
factors that play a role in accumulation zones is also needed, as well as estimates for kelp sinking 
rates which would aid in describing the spatial distribution on the seafloor.  
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4 : Individual-based numerical experiment to describe 
the distribution of floating kelp within the Southern 

Benguela Upwelling System 
 

  

In this chapter, I use the findings from chapter 3 with additional site-specific parameters 
(buoyancy and sinking) and multiple sites to characterise the spatial distribution of virtual E. 
maxima on the surface, sub-surface, and sink locations.  

• Solitary floating virtual E. maxima are prone to entrainment in mesoscale features and 
associated filaments. 

• Solitary floating E. maxima remained entrained in mesoscale features while sinking. 
• Mesoscale features, such as eddies, act as accumulation zones and barriers to further 

offshore transport. 
• Spatial distribution of virtual kelp has a seasonal component.  
• Characterisation of sink locations of E. maxima within the Benguela Upwelling 

System. 
• Results shed light on the role of the sunken kelp regarding organic subsidy and Blue 

Carbon contribution. 
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4.1 Introduction 

The role of drag has been well established in studies investigating ocean flotsam; however, no 
research has attempted to investigate the role of wind on solitary drifting kelp, nor has any 
consideration been given to the role of hydrodynamic drag. Instead, the focus has been on kelp rafts 
and the role of windage (wind drag) on floating macroalgae distribution patterns (Brooks et al., 2019; 
Putman et al., 2018, 2020). In the previous chapter (see Chapter 3), results highlighted the role of 
hydrodynamic drag in influencing virtual kelp trajectories, as well as the direct effect of wind in 
influencing entrainment and beaching patterns. Since this has now been established, the overall 
distribution patterns of solitary floating Ecklonia maxima (Osbeck) Papenfuss can now be 
investigated. This will require releases from multiple sites within the study domain, using the site-
specific morphology approach, which would allow for a deeper numerical investigation into the role 
of underlying mesoscale ocean processes, such as eddies. Mesoscale features have been shown to 
act as important accumulation zones of marine flotsam (Brach et al., 2008; Beron-Vera et al., 2019; 
Miron et al., 2020), as well as acting as a potential barrier to offshore transport (Bracco et al., 2000). 
In addition, oceanographic processes may influence the location of sinking debris on the seafloor. 
This is of particular interest from an ecological standpoint as this would suggest a coupling of 
organic subsidy between near – and offshore areas. Macroalgae are conspicuous organisms along 
temperate shorelines and investigating the contribution of these organisms is essential to 
broadening our understanding of kelp forests’ ecological contribution in terms of organic subsidy.  

The rocky inter- to sub-tidal habitats of temperate shorelines are usually dominated by numerous 
species of macroalgae, specifically brown seaweeds of the order Laminariales, commonly referred 
to as kelp (Steneck et al., 2002; Schiel and Foster, 2015). Kelps are highly productive organisms 
(Mann, 1973; Dayton et al., 1998; Miller et al., 2011; Krumhansl and Scheibling, 2012; Pedersen et 
al., 2012) which provide a 3-dimensional habitat for various fauna and flora (Anderson et al., 1997; 
Leliaert et al., 2000; Steneck et al., 2002; Norderhaug et al., 2012; Krumhansl et al., 2016). Kelps 
are also capable of altering the local wave and light environment by wave dampening (Mork, 1996; 
Ma et al., 2013; Monismith et al., 2022) and shading the understorey habitat (Duggins et al., 1990; 
Watanabe et al., 1992; Clark et al., 2004), as well as providing important organic subsidy through 
erosion of fronds and fragmentation of plant structures (Krumhansl and Scheibling, 2012; De 
Bettignies et al., 2013; Simonson et al., 2015; Filbee-Dexter et al., 2018; Ramirez-Llodra et al., 
2021). Due to kelps' ecological role in the nearshore, they are regarded as ecological engineers as 
well as important influencers of biodiversity along temperate shorelines (Graham, 2004; Fowler-
Walker et al., 2005; Wing et al., 2007; Wernberg and Goldberg, 2008; Harley et al., 2012; Smale 
and Moore, 2017). Kelps are also important from a socio-economic perspective, as they provide 
habitats for economically important species such as abalone and rock lobster (Vásquez et al., 2014; 
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Blamey and Bolton, 2018) and are harvested for various uses, ranging from feed for the aquaculture 
sector (Troell et al., 2006) to pharmaceuticals (Smit 2004). 

Kelps’ ecological and socio-economic contributions are not limited to their local environment. During 
times of high wave energy, kelp can become dislodged from the substrate (Seymour et al., 1989; 
Thomsen et al., 2004) and are transported via ocean currents, eventually deposited on beaches or 
offshore areas (Hobday, 2000a). The kelp deposited on beaches provides important organic 
subsidies for coastal invertebrate communities (Griffiths et al., 1983; Michaud et al., 2019; Gilson et 
al., 2021), as well as a resource which can be harvested for economic purposes (Kirkman and 
Kendrick, 1997; Troell et al., 2006; Holden et al., 2018). Along with the organic input are 
‘hitchhikers,’ which are organisms that remain attached during offshore transport once dislodged 

(Highsmith, 1985; Holmquist, 1994; Thiel and Gutow, 2005; Macaya et al., 2016). The transport of 
other organisms attached to kelp is regarded as important regarding invasive species intrusion 
(Lewis et al., 2005; McCormick et al., 2008; Nikula et al., 2010; Batista et al., 2018) and marine 
connectivity (Ingólfsson 1995). Kelps which are transported offshore can become entangled to form 
a kelp raft, providing habitat complexity in the pelagic environment for various fish species 
(Kingsford, 1992; Kingsford, 1995). However, there is no clear mechanism for kelp raft formation. 
The structural integrity of individual kelp or rafts will degrade over time through a combination of 
biotic and abiotic factors, which ultimately results in sinking (Smith, 2002; Thiel and Gutow, 2005; 
Graiff et al., 2016; Macaya et al., 2016). Once settled on the seafloor, the kelp will degrade further 
over time resulting in organic input into offshore areas, which may be transported back towards the 
coast through upwelling processes (Krumhansl and Scheibling, 2012; Dyer et al., 2019). 

Understanding the distribution patterns of macroalgae in the ocean and the underlying 
oceanographic processes influencing trajectory has received much attention in the literature. 
Approaches such as radio-tagged kelp rafts (Harrold and Lisin, 1989), geological forms in holdfasts 
(Waters et al., 2018), genetic approaches (Nikula et al., 2013; Waters et al., 2018; Craw and 
Waters, 2018), the presence of region-specific epibionts on beach-cast kelp (Fraser et al., 2011), 
and Lagrangian approaches (Putman et al., 2018, 2020; Brooks et al., 2019) have helped to shed 
light on the processes involved in macroalgal transport. Ocean currents are the main influencer of 
trajectory as well as drag and windage, which is the direct effect of wind on a floating object 
(Furnans et al., 2008; Beron-Vera et al., 2016; Trinanes et al., 2016; D’Asaro et al., 2018; Gates et 
al., 2018; Onink et al., 2019; Shen et al., 2019). The previous chapter (see Chapter 3) has 
numerically established the importance of both hydrodynamic and wind drag in entrainment patterns 
within oceanographic mesoscale processes, more specifically eddies. 

Although the past research concerning the transport of kelp has greatly improved our understanding 
of such processes, limitations and gaps still exist. For example, kelps are highly morphologically 
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diverse, which may influence buoyancy and overall drag characteristics. Morphological 
characteristics, sea surface temperatures, and light also influence the time kelp remains afloat at the 
surface (known as raft-time). Macroalgal rafts also vary significantly in size, and studies investigating 
a specific raft size limit our understanding of that scenario as the findings cannot be inferred for 
other sizes of kelp rafts. Finally, it has been well established that morphological characteristics of 
macroalgae are influenced by local abiotic factors, which can vary greatly along coastlines. Although 
factors such as light, turbidity, and nutrients have been shown to influence macroalgae morphology; 
temperature and waves are regarded as the prominent influencers (Hurd, 2000; Denny and Gaylord, 
2002; Thomsen et al., 2004; Fowler-Walker et al., 2005; Wernberg and Thomsen, 2005; Mabin et 
al., 2013; Coppin et al., 2020; Bekkby et al., 2014). How the variable response in morphological 
characteristics influences sink rates, buoyancy, and drag is also yet to be established. There is also 
no current work where rafts may form on the surface. It is most likely that eddies might play a role in 
this regard, as they have been shown to cause the collection of other types of flotsams at the 
surface via entrainment (D’Asaro et al., 2018; Brach et al., 2018; Onink et al., 2019). For example, a 
study by Beron-Vera et al. (2019) showed that the inclusion of inertia in numerical experiments 
resulted in entrainment patterns of flotsam in eddies which are more closely reflected in 
observational data. 

A better understanding of the distribution of floating kelp and the ocean processes involved will aid 
in understanding the broader ecological role that kelp plays in the marine environment but will also 
be useful for coastal management and harvesting activities. My aims are to shed light on the 
distribution patterns of floating kelp by a series of Lagrangian individual particle tracking numerical 
experiments. This approach will allow for the morphological characteristics that vary with the local 
temperature and wave environment to be accounted for. In addition, since individual kelp has a 
higher probability of dislodgement compared to kelp in which holdfasts are clustered together, an 
individual-based approach will reflect real-world scenarios (Thomsen et al., 2004). The approach of 
including hydrodynamic and wind drag based on site-specific morphological characteristics in 
Chapter 3 will be used and the current work will build on this approach by the inclusion of 
morphological-specific buoyancy and sinking rates. In the current chapter I will also seek to 
investigate the role of mesoscale features as accumulation areas on the surface, which may act as 
‘kelp raft formation zones’ in the open ocean, as well as the role of mesoscale features as barriers to 
offshore transport.  

4.2 Methods 
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4.2.1 Study site 

The same study region used in chapter 3 was used for the current chapter. The reader is referred to 
section Chapter 3, Methods, Study site section 3.2.1 in the previous chapter for a detailed overview 
of the regional oceanographic processes. The extent of the study domain and release site locations 
are presented in Figure 4:1. 

 

Figure 4:1 Map of the study domain and location of release sites to act as a reference for the reader. The map on the left 
covers the extent of the study domain and the right image covers the Cape Peninsula. Different shapes have been used to 
represent the various release sites. Faint grey lines represent the various bathymetry layers. 

4.2.2 Simulations 

Simulations used daily outputs of velocity vectors (meridional and zonal) and salinity (psu) for 
varying depths for the study region. The reader is referred to the ‘Flow models’ of Chapter 3 section 
3.2.4.2 for details pertaining to underlying ocean and wind models used. To account for the role of 
morphological characteristics in influencing drift trajectory in terms of hydrodynamic and wind drag, 
as identified in Chapter 3, simulations were run separately for each site per season. Morphological 
characteristics of macroalgae have been shown to be based on the local wave and temperature 
environment, hence the need for site-specific parameters with regards to morphological 
characteristics. Running simulations per season allowed incorporation of seasonal raft-times 
identified in previous work Graiff et al. (2013). The outputs from each simulation (site) were pooled 
based on season. Passive simulations (purely Lagrangian) were executed for the same time-periods 
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with sinking and beaching parameters and are provided in the Appendix for comparison (Figures A3 
& A4). 

Simulations were run using the OceanParcels software (available from https://oceanparcels.org/). All 
simulations were run using a Runge-Kutta fourth order advection scheme, while custom kernels 
simulated the effects of hydrodynamic and wind drag on overall trajectory, seasonal raft-times, 
sinking and settling on seafloor of virtual kelp particles—i.e., all important processes in the 
determination of surface accumulation and bottom sinks. The simulations were run for two years, 
which were divided into the relevant seasons. For incorporating drag, the site-specific buoyancy 
calculations were used to determine the magnitude of hydrodynamic (portion below surface) and 
wind (portion above the surface) while virtual kelp particles were on the surface and then converted 
to full hydrodynamic drag exposure (100%) once the virtual kelp started sinking, as wind would no 
longer act as a direct influencer of trajectory once below the ocean surface.  

Although OceanParcels is a robust and flexible tool, it does have some limitations when combining 
mixed fields of wind and ocean vectors. Essentially, problems arise when including wind fields with 
ocean vector fields when simulations include sinking. This creates limitations when running 
simulations and requires the approach to be adapted. It was decided to incorporate a similar 
approach used in previous work by Putman et al. (2018, 2020) and Jutzeler et al. (2020) who used a 
percentage of the wind field as an estimate for windage. Although estimating windage directly from 
the wind field is not possible in this instance, a general estimate of windage based on 50% of the 
surface current vector field was used, which has been used in previous work investigating trajectory 

patterns of pumice flotsam (Bryan et al., 2004). Therefore, the total potential wind was estimated as 

50% of the current speed to attain the velocity vectors for the estimated wind field, which was then 
used to calculate the total effect of windage based on buoyancy characteristics (magnitude of 
surface area exposed to wind and hydrodynamic drag respectively).  

Kelp floating on the surface of the ocean will begin to sink once the structural integrity of air-filled 
structures of the plants fails and become flooded. It is also possible for sinking to begin due to an 
increase in epibiont biomass which overwhelms the buoyancy of kelp; however, this is beyond the 
scope of this study. The target species of this study, Ecklonia maxima (Osbeck) Papenfuss, contains 
a hollow stipe and a single air-filled pneumatocyst which acts to keep the plant upright in the water  

Table 4:1 Summary of the simulations run for the study. Simulations were run for each site over the course of 2 years and 
then pooled based on season for each year. The start of each year was the beginning of Austral summer. 

Site Lon Lat Season Year Start date End date Runtime Ac (m2) Mass 
(kg) 

Volume 
(m3) 

Soetwater 18,33 -34,17 Summer Year 1 2017-12-01 2018-02-28 89 16,657 7,68 5,568,850 
Soetwater 18,33 -34,17 Autumn Year 1 2018-03-01 2018-05-31 91       
Soetwater 18,33 -34,17 Winter Year 1 2018-06-01 2018-08-31 91       
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Soetwater 18,33 -34,17 Spring Year 1 2018-09-01 2018-11-30 91       
Soetwater 18,33 -34,17 Summer Year 2 2018-12-01 2019-02-28 89       
Soetwater 18,33 -34,17 Autumn Year 2 2019-03-01 2019-05-31 91       
Soetwater 18,33 -34,17 Winter Year 2 2019-06-01 2019-08-31 91       
Soetwater 18,33 -34,17 Spring Year 2 2019-09-01 2019-11-30 91       
St Helena Bay 17.98 -32,71 Summer Year 1 2017-12-01 2018-02-28 89 2,411 1,835 878,191 
St Helena Bay 17.98 -32,71 Autumn Year 1 2018-03-01 2018-05-31 91       
St Helena Bay 17.98 -32,71 Winter Year 1 2018-06-01 2018-08-31 91       
St Helena Bay 17.98 -32,71 Spring Year 1 2018-09-01 2018-11-30 91       
St Helena Bay 17.98 -32,71 Summer Year 2 2018-12-01 2019-02-28 89       
St Helena Bay 17.98 -32,71 Autumn Year 2 2019-03-01 2019-05-31 91       
St Helena Bay 17.98 -32,71 Winter Year 2 2019-06-01 2019-08-31 91       
St Helena Bay 17.98 -32,71 Spring Year 2 2019-09-01 2019-11-30 91       

Kommetjie 18.31 -34,15 Summer Year 1 2017-12-01 2018-02-28 89 31,055 4,865 10,382,92
3 

Kommetjie 18.31 -34,15 Autumn Year 1 2018-03-01 2018-05-31 91       
Kommetjie 18.31 -34,15 Winter Year 1 2018-06-01 2018-08-31 91       
Kommetjie 18.31 -34,15 Spring Year 1 2018-09-01 2018-11-30 91       
Kommetjie 18.31 -34,15 Summer Year 2 2018-12-01 2019-02-28 89       
Kommetjie 18.31 -34,15 Autumn Year 2 2019-03-01 2019-05-31 91       
Kommetjie 18.31 -34,15 Winter Year 2 2019-06-01 2019-08-31 91       
Kommetjie 18.31 -34,15 Spring Year 2 2019-09-01 2019-11-30 91       
Hout Bay 18.33 -34,06 Summer Year 1 2017-12-01 2018-02-28 89 14,499 5,105 4,880,537 
Hout Bay 18.33 -34,06 Autumn Year 1 2018-03-01 2018-05-31 91       
Hout Bay 18.33 -34,06 Winter Year 1 2018-06-01 2018-08-31 91       
Hout Bay 18.33 -34,06 Spring Year 1 2018-09-01 2018-11-30 91       
Hout Bay 18.33 -34,06 Summer Year 2 2018-12-01 2019-02-28 89       
Hout Bay 18.33 -34,06 Autumn Year 2 2019-03-01 2019-05-31 91       
Hout Bay 18.33 -34,06 Winter Year 2 2019-06-01 2019-08-31 91       
Hout Bay 18.33 -34,06 Spring Year 2 2019-09-01 2019-11-30 91       
Scarborough 18.36 -34,23 Summer Year 1 2017-12-01 2018-02-28 89 8,9 3,55 3,016,072 
Scarborough 18.36 -34,23 Autumn Year 1 2018-03-01 2018-05-31 91       
Scarborough 18.36 -34,23 Winter Year 1 2018-06-01 2018-08-31 91       
Scarborough 18.36 -34,23 Summer Year 2 2018-12-01 2019-02-28 89       
Scarborough 18.36 -34,23 Autumn Year 2 2019-03-01 2019-05-31 91       
Scarborough 18.36 -34,23 Winter Year 2 2019-06-01 2019-08-31 91       
Scarborough 18.36 -34,23 Spring Year 2 2019-09-01 2019-11-30 91       
Scarborough 18.36 -34,23 Spring Year 1 2018-09-01 2018-11-30 91       
Oudekraal 18.34 -33,98 Summer Year 1 2017-12-01 2018-02-28 89 5,175 340 1,783,155 
Oudekraal 18.34 -33,98 Autumn Year 1 2018-03-01 2018-05-31 91       
Oudekraal 18.34 -33,98 Winter Year 1 2018-06-01 2018-08-31 91       
Oudekraal 18.34 -33,98 Spring Year 1 2018-09-01 2018-11-30 91       
Oudekraal 18.34 -33,98 Summer Year 2 2018-12-01 2019-02-28 89       
Oudekraal 18.34 -33,98 Autumn Year 2 2019-03-01 2019-05-31 91       
Oudekraal 18.34 -33,98 Winter Year 2 2019-06-01 2019-08-31 91       
Oudekraal 18.34 -33,98 Spring Year 2 2019-09-01 2019-11-30 91       
Betty's Bay 18.91 -34,36 Summer Year 1 2017-12-01 2018-02-28 89 20,636 470 6,918,617 
Betty's Bay 18.91 -34,36 Autumn Year 1 2018-03-01 2018-05-31 91       
Betty's Bay 18.91 -34,36 Winter Year 1 2018-06-01 2018-08-31 91       
Betty's Bay 18.91 -34,36 Spring Year 1 2018-09-01 2018-11-30 91       
Betty's Bay 18.91 -34,36 Summer Year 2 2018-12-01 2019-02-28 89       
Betty's Bay 18.91 -34,36 Autumn Year 2 2019-03-01 2019-05-31 91       
Betty's Bay 18.91 -34,36 Winter Year 2 2019-06-01 2019-08-31 91       
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Betty's Bay 18.91 -34,36 Spring Year 2 2019-09-01 2019-11-30 91       
Kalk Bay 18.45 -34,12 Summer Year 1 2017-12-01 2018-02-28 89 9,074 3,875 3,092,212 
Kalk Bay 18.45 -34,12 Autumn Year 1 2018-03-01 2018-05-31 91       
Kalk Bay 18.45 -34,12 Winter Year 1 2018-06-01 2018-08-31 91       
Kalk Bay 18.45 -34,12 Spring Year 1 2018-09-01 2018-11-30 91       
Kalk Bay 18.45 -34,12 Summer Year 2 2018-12-01 2019-02-28 89       
Kalk Bay 18.45 -34,12 Autumn Year 2 2019-03-01 2019-05-31 91       
Kalk Bay 18.45 -34,12 Winter Year 2 2019-06-01 2019-08-31 91       
Kalk Bay 18.45 -34,12 Spring Year 2 2019-09-01 2019-11-30 91       
A-frame 18,46 -34,20 Summer Year 1 2017-12-01 2018-02-28 89 7,83 3,875 2,674,925 
A-frame 18,46 -34,20 Autumn Year 1 2018-03-01 2018-05-31 91       
A-frame 18,46 -34,20 Winter Year 1 2018-06-01 2018-08-31 91       
A-frame 18,46 -34,20 Spring Year 1 2018-09-01 2018-11-30 91       
A-frame 18,46 -34,20 Summer Year 2 2018-12-01 2019-02-28 89       
A-frame 18,46 -34,20 Autumn Year 2 2019-03-01 2019-05-31 91       
A-frame 18,46 -34,20 Winter Year 2 2019-06-01 2019-08-31 91       
A-frame 18,46 -34,20 Spring Year 2 2019-09-01 2019-11-30 91       
Miller's Point 18.47 -34,23 Summer Year 1 2017-12-01 2018-02-28 89 8,327 3,845 2,835,901 
Miller's Point 18.47 -34,23 Autumn Year 1 2018-03-01 2018-05-31 91       
Miller's Point 18.47 -34,23 Winter Year 1 2018-06-01 2018-08-31 91       
Miller's Point 18.47 -34,23 Spring Year 1 2018-09-01 2018-11-30 91       
Miller's Point 18.47 -34,23 Summer Year 2 2018-12-01 2019-02-28 89       
Miller's Point 18.47 -34,23 Autumn Year 2 2019-03-01 2019-05-31 91       
Miller's Point 18.47 -34,23 Winter Year 2 2019-06-01 2019-08-31 91       
Miller's Point 18.47 -34,23 Spring Year 2 2019-09-01 2019-11-30 91       
Buffelsbaai 18.47 -34,33 Summer Year 1 2017-12-01 2018-02-28 89 4,361 2,97 1,523,592 
Buffelsbaai 18.47 -34,33 Autumn Year 1 2018-03-01 2018-05-31 91       
Buffelsbaai 18.47 -34,33 Winter Year 1 2018-06-01 2018-08-31 91       
Buffelsbaai 18.47 -34,33 Spring Year 1 2018-09-01 2018-11-30 91       
Buffelsbaai 18.47 -34,33 Summer Year 2 2018-12-01 2019-02-28 89       
Buffelsbaai 18.47 -34,33 Autumn Year 2 2019-03-01 2019-05-31 91       
Buffelsbaai 18.47 -34,33 Winter Year 2 2019-06-01 2019-08-31 91       
Buffelsbaai 18.47 -34,33 Spring Year 2 2019-09-01 2019-11-30 91       
Batsata Rock 18.48 -34,27 Summer Year 1 2017-12-01 2018-02-28 89 15,546 6,85 5,224,027 
Batsata Rock 18.48 -34,27 Autumn Year 1 2018-03-01 2018-05-31 91       
Batsata Rock 18.48 -34,27 Winter Year 1 2018-06-01 2018-08-31 91       
Batsata Rock 18.48 -34,27 Spring Year 1 2018-09-01 2018-11-30 91       
Batsata Rock 18.48 -34,27 Summer Year 2 2018-12-01 2019-02-28 89       
Batsata Rock 18.48 -34,27 Autumn Year 2 2019-03-01 2019-05-31 91       
Batsata Rock 18.48 -34,27 Winter Year 2 2019-06-01 2019-08-31 91       
Batsata Rock 18.48 -34,27 Spring Year 2 2019-09-01 2019-11-30 91       
Baboon Rock 18.47 -34,25 Summer Year 1 2017-12-01 2018-02-28 89 7,612 5,15 3,844,252 
Baboon Rock 18.47 -34,25 Autumn Year 1 2018-03-01 2018-05-31 91       
Baboon Rock 18.47 -34,25 Winter Year 1 2018-06-01 2018-08-31 91       
Baboon Rock 18.47 -34,25 Spring Year 1 2018-09-01 2018-11-30 91       
Baboon Rock 18.47 -34,25 Summer Year 2 2018-12-01 2019-02-28 89       
Baboon Rock 18.47 -34,25 Autumn Year 2 2019-03-01 2019-05-31 91       
Baboon Rock 18.47 -34,25 Winter Year 2 2019-06-01 2019-08-31 91       
Baboon Rock 18.47 -34,25 Spring Year 2 2019-09-01 2019-11-30 91       

 
column, allowing the light-saturated surface waters to be reached. These structures also cause the 
plant to float if dislodged and therefore were considered when calculating the overall volume of the 
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plant; this, in turn, was used to calculate other important parameters (buoyancy, drag, and sink rate). 
Details about the simulations executed are presented in Table 4:1. 

 
4.2.3 Morphological characteristics 

Morphological characteristics of kelp are influenced by local wave and temperature conditions, 
which in turn will influence buoyancy, drag, and sinking parameters. Kelp morphological data were 
garnered from a previous study by Coppin et al. (2020). The assumption made is that the largest 
kelp (largest surface area) was the most likely to be dislodged from the substrate, therefore only 
maximum surface areas were garnered from the data. In instances where the morphological data 
needed were not available, reasonable estimates were used based on previous studies and 
experience.  

The hollowness of E. maxima has been investigated as a part of a previously by Rothman et al. 
(2017a) who showed that the relative hollowness did not significantly differ among sites, with 86-
90% of the total stipe length containing air. Therefore, based on these results, it is assumed that E. 
maxima individuals will exbibit the same degree of hollowness amongst populations along South 
African coastline.  

An estimate of stipe thickness of the hollow sections was used in conjunction with the 90% of the 
stipe length shown by Rothman et al. (2017a) to calculate a reasonable estimate for the volume of 
air in the stipe. This is an important aspect as it directly effects the buoyancy of an individual floating 
kelp which ultimately determines the magnitude of exposure to hydrodynamic and wind drag. To 
calculate the surface area and volume for kelp from each site, geometric shapes were used which 
most closely matched the shape of the relevant kelp morphological characteristics as per Chapter 3. 
Unlike in Chapter 3, additional parameters were included, which were buoyancy and sinking rate. 
The total surface area used for each of the virtual kelps from release sites are presented in Table 
4:2. 

 

Table 4:2 Table of morphological attributes used. 

Site Frond mass 
(kg) 

Primary blade 
length (cm) 

Primary 
blade width 
(cm) 

Frond 
length (cm) 

Stipe mass 
(kg) 

Stipe 
length 
(cm) 

Stipe 
circumference 
(mm) 

A-Frame 5.00 22.5 20.0 181 8.75 541 30 
Baboon 

Rock 7.50 26.0 17.0 228 6.50 645 27 
Batsata 

Rock 10.00 29.0 22.5 250 8.50 746 36 

Betty's Bay 6.25 21.0 24.0 239 9.50 805 40 

Buffelsbaai 3.90 21.0 9.0 170 6.30 676 20 
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Hout Bay 7.10 32.0 22.5 232 8.45 593 39 

Kalk Bay 5.25 19.0 19.0 165 7.25 490 34 

Kommetjie 6.80 29.0 37.0 245 7.85 587 57 
Miller's 

Point 5.20 25.0 22.0 200 7.25 574 30 

Oudekraal 4.90 28.0 20.0 220 4.60 330 31 
Scarboroug

h 4.90 27.0 16.0 241 5.95 402 37 

Soetwater 11.20 49.5 25.0 335 9.60 676 39 
St Helena 

Bay 2.65 30.0 19.0 164 2.45 333 21 

Site No. of Tufts Epiphyte 
length (cm) 

Total length 
(cm) 

Stipe 
radius (cm) 

Frond width 
(cm) 

Frond 
thickness 
(cm) 

Bulb length 
(cm) 

A-Frame 10 508 668.0 4.77 5 0.2 10 
Baboon 

Rock 11 639 873.0 4.30 5 0.2 10 
Batsata 

Rock 10 770 944.0 5.73 5 0.2 10 

Betty's Bay 15 725 1 041.0 6.36 5 0.2 10 

Buffelsbaai 11 157 846.0 3.18 5 0.2 10 

Hout Bay 9 473 614.0 6.21 5 0.2 10 

Kalk Bay 9 442 638.0 5.41 5 0.2 10 

Kommetjie 11 527 616.0 9.15 5 0.2 10 
Miller's 

Point 10 500 745.0 4.77 5 0.2 10 

Oudekraal 7 260 514.0 4.93 5 0.2 10 
Scarboroug

h 9 387 422.0 5.88 5 0.2 10 

Soetwater 15 640 697.5 6.21 5 0.2 10 
St Helena 

Bay 7 306 353.5 3.34 5 0.2 10 

Site Bulb base 
radius (cm) 

Top radius 
(cm) 

Bottom 
radius (cm) 

Hollow 
radius (cm) 

Hollow length 
(cm) 

Height 
(cm) 

Hollow Volume 
(cm3) 

A-Frame 5 3 10 2.91 486.9 5 12 975  
Baboon 

Rock 5 3 10 2.62 580.5 5 12 530 
Batsata 

Rock 5 3 10 3.50 671.4 5 25 765 

Betty's Bay 5 3 10 3.88 724.5 5 34 324 

Buffelsbaai 5 3 10 1.94 608.4 5 7 206 

Hout Bay 5 3 10 3.79 533.7 5 24 036 

Kalk Bay 5 3 10 3.30 441.0 5 15 095 

Kommetjie 5 3 10 5.58 528.3 5 51 720 
Miller's 

Point 5 3 10 2.91 516.6 5 13 767 

Oudekraal 5 3 10 3.01 297.0 5 8 451 
Scarboroug

h 5 3 10 3.59 361.8 5 14 666 

Soetwater 5 3 10 3.78 608.4 5 27 401 
St Helena 

Bay 5 3 10 2.04 299.7 5 3 913 
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Site Total Ac 
(m2) Total mass (kg) Total volume 

(m3) 
Kelp 
Volume 
(m3) 

Kelp density 
(kg/m3)   

A-Frame 78 38.75 39724.99 26749 0.001   
Baboon 

Rock 76 51.50 38442.52 25911 0.002   
Batsata 

Rock 155 68.50 78005.63 52240 0.001   
Betty's Bay 206 47.00 103510.98 69186.17 0.001   
Buffelsbaai 43 29.70 22442.00 15235.92 0.002   

Hout Bay 144 51.05 72842.11 48805.33 0.001   
Kalk Bay 90 38.75 46017.57 30922.11 0.001   

Kommetjie 310 48.65 155550.14 103829.23 0.001   
Miller's 

Point 83 38.45 42126.24 28359.00 0.001   
Oudekraal 51 34.00 26282.97 17831.55 0.002   

Scarboroug
h 89 35.35 44827.07 30160.72 0.001   

Soetwater 166 76.80 83089.62 55688.50 0.001   
St Helena 

Bay 24 18.35 12685.63 8772.04 0.002   
 

Buoyancy 

To effectively model the trajectory of a floating object, buoyancy needs to be calculated. The 
buoyancy will determine the amount of exposure to, and ultimately magnitude of, hydrodynamic and 
wind drag which in turn influences the trajectory of the object to the variable current and wind fields 
(Dietrich, 1982; Kooi et al., 2017; Lobelle et al., 2021). The portion of an object above and below the 
surface of the water is determined by the net effect of forces acting on the object, namely buoyancy 
force (BF) and the mass of the object (Dietrich, 1982; Kooi et al., 2017; Lobelle et al., 2021). The BF 
is the force pushing the object out of the water and the mass is the force pulling the object down. In 
order to calculate the buoyancy force (BF) the density and volume of the object must be known, 
such that: 

𝐵𝐹 = 𝑝𝑓𝑉𝑠𝑔 

( 4.1 ) 
where 𝑝𝑓 is the density of the liquid, 𝑉𝑠 is the volume of the object submerged, and 𝑔 is the 

gravitational acceleration (m/s2). 

The force resulting from the weight of an object can be calculated by 𝑊𝑓 = 𝑝𝑜𝑉𝑜𝑔. Substitution of 

mass for density and volume alters the equation to: 

𝑊𝑓 = 𝑝𝑜𝑉𝑜𝑔 
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( 4.2 ) 
where 𝑝𝑜 is the density of the object, 𝑉𝑜 is the total volume of the object and 𝑔 is gravitational 
acceleration. An object will only float if the forces acting on it (𝐵𝐹 and 𝑊𝑓) are equal, such that: 

𝐵𝐹 = 𝑊𝑓 

( 4.3 ) 
then substituting density and volume results in: 

𝑝𝑓𝑉𝑠𝑔 = 𝑝𝑜𝑉𝑜𝑔 

( 4.4 ) 
which can also be further expressed as: 

𝑉𝑠/𝑉𝑜 = 𝑝𝑜/𝑝𝑓 

( 4.5 ) 
The solution of equation ( 4.5 ) results in a unitless fraction that can be expressed as a percentage 
of the relevant portion submerged. This in turn can be used to calculate the percentage of the object 
above the surface of the water (exposed to wind). The percentage of the object below and above the 
water surface was used in the calculation of hydrodynamic and wind drag when the virtual kelp is at 
the surface, while only hydrodynamic drag is considered for transport when sinking. Since 
morphological characteristics are influenced by the local wave and temperature environment, the 
buoyancy of virtual kelp particles may vary from site to site. 

4.2.4 Sink rate 

The force responsible for the kelp to begin to sink once the structural integrity has been 
compromised is the mass of the overall plant. The calculation of the force resulting from the mass 
was based on previous work by Dietrich (1982), Kooi et al., (2017), and Lobelle et al., (2021) such 
that 

𝐹𝑤 = (𝑝𝑠 − 𝑝𝑙)𝑔𝑉 

( 4.6 ) 
Where 𝑝𝑠 is the density of the particle, 𝑝𝑙 the density of the medium, 𝑔 is the gravitational 
acceleration constant, and 𝑉 is the total volume of the particle. To accurately calculate the density of 
virtual kelp based on volume and mass, the volume of the hollow section of the stipe was subtracted 
from the overall volume. The target species used for this experiment (E. maxima) has an air-filled 
stipe and therefore the hollowness needs to be accounted for when calculating the overall volume of 
the stipe. The volume of the kelp is: 

𝑉𝑜𝑙𝑢𝑚𝑒 = 𝑉𝑡 − 𝑉ℎ 
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( 4.7 ) 
where 𝑉𝑡 is the total volume of the stipe if no hollowness is considered and 𝑉ℎ is the hollowness 
volume of the stipe. The other component of the vertical velocity is the drag force in the opposite 
direction to the downward force of the weight. The vertical drag component is calculated by the 
same equation for drag in the horizontal, such that: 

𝐹𝑑 = 1/2𝑝𝑣2𝐶𝐷𝐴𝑐 

( 4.8 ) 
where 𝑝 is the density of the medium, 𝑣 is the velocity at a particular time-step, 𝐶𝑑 is the shape drag-
coefficient, and 𝐴𝑐 is the cross-sectional area of the object. However, unlike surface drag where the 
velocity is interpolated from the underlying ocean model, the velocity component for the vertical drag 
force is calculated from the same equation used for hydrodynamic and wind drag. The approach for 
modelling the ‘behaviour’ of kelp was used in this paper allows for the incorporation of site-specific 
morphological characteristics regarding sinking characteristics. 

4.2.5 Raft-time 

Raft-time, sometimes referred to as raft-longevity, is the time a macroalgal raft remains afloat at the 
surface of the ocean after detachment before sinking. Raft-time is determined by epibiont load, 
macroalgal growth rate and the loss of kelp biomass over time through fragmentation. Epibiont load 
consists of epiphytic and bryozoan species which tend to grow more rapidly in higher light and 
temperature environments, such as the ocean surface (Smith, 2002; Thiel and Gutow, 2005; Graiff 
et al., 2013, 2016). The increase in epibiont load reduces the buoyancy of floating macroalgal rafts 
over time eventually causing them to sink to the seafloor, while also potentially increasing drag 
(Hobday, 2000b; Tala et al., 2013; Craw and Waters, 2018). Fragmentation of kelp biomass over 
time may also reduce raft-times further, while growth may counteract the effects of epibiont load and 
fragmentation provided the environmental conditions are favourable (Graiff et al., 2013, 2016; 
Macaya et al., 2016). For instance, a study by Rothäusler et al., (2011) investigated the abiotic and 
biotic factors influencing raft-time and dispersal potential of the giant kelp Macrocystis pyrifera 
(Linnaeus) C. Agardh by a combination of tethering experiments and field surveys. The results 
showed the physiological performance of kelp declined with increasing epiphyte biomass and that 
higher temperatures increased the growth rate of epibionts and fragmentation of kelp. The authors 
concluded from the results of both the experiments and field surveys that M. pyrifera dispersal is 
dependent on low temperature and moderate irradiance conditions, with high temperatures and 
higher irradiance reducing overall raft-time and hence dispersal potential (Rothäusler et al., 2011). 
Raft-time was estimated from the results of past studies by Graiff et al., (2016) and Graiff et al., 
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(2013) for each season. For summer, the raft-time was 22 days, autumn was 41 days, winter was 38 
days, and spring was 33 days. 

4.2.6 Analysis 

To compare virtual kelp trajectories between sites, trajectories were plotted, and density distribution 
maps were produced for each phase of the virtual kelp life cycle (surface, subsurface, beached and 
sunk). Density distribution maps are an effective method for assessing pathways and ocean 
connectivity (Van Sebille et al., 2018). To aid in seasonal comparison of trajectories, the proportions 
of each kelp phase at the end of each simulation run was calculated and compared. The different 
phases were surface, subsurface, beached, sunk and out of bounds. 

In addition to the above analyses, the distance particles travelled was also measured and used to 
produce boxplots to aid in discerning patterns and distributions from the density distribution maps. 
Distance travelled from the release site can help reveal topographic steering and momentum energy 
transfer from the wind field to kelp particles (Van Sebille et al., 2018). If the wind direction is in the 
same direction as the current the virtual particles will cover larger distances due to an increase in 
the velocity because of momentum energy transfer (Putman et al., 2018, 2020; Van Sebille et al., 
2018).  

4.3 Results 

Overall, the results show that the predominate trajectory of simulated virtual kelp flow north-
westward, with the exception of winter months when particles flowed southward or towards the 
coast. In terms of entrainment patterns, clear accumulation in mesoscale features was evident and 
also played a role in determining where virtual kelp settles on the seafloor. The results also shed 
light on the role of mesoscale features may play as barriers to offshore transport outside the study 
domain, due to the weakening of dynamics on the eastern side of mesoscale features.  

4.3.1 Surface distribution 

The general direction of particles was north-westward with the exception of winter where direction 
changed to predominately southward for both years (Figure 4:2). Entrainment within eddies was 
evident during times of high mesoscale activity, which was summer and winter (Figure 4:2). 

The overall particle direction during summer for both years was north-westward. The only visible 
differences between years 1 and 2 was entrainment of particles in an eddy in year 1, as well as a 
higher concentration of particles closer to the coast (Figure 4:2). The concentration of particles in the 
north-westward direction was lower during year 1 of autumn compared to year 2 entrainment 
patterns (Figure 4:2). During spring of year 1 there was a high concentration of particles flowing in 
the north-westward direction, and no signs of entrainment (Figure 4:2). During spring of year 2, the 
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particles were almost evenly spread across the southern portion of the study domain (Figure 4:2). 
There were also two visible concentrations of particles flowing offshore (Figure 4:2). The first starts 
at approximately 18°32.8” E and the other at 18°34” E (Figure 4:2). 

 

 

Figure 4:2 Hexagonal heatmaps for all virtual surface kelp for both years and all seasons. The plane has been divided into 
regular hexagons and then are filled according to the number of particles within each hexagon. Faint grey lines represent 
the various bathymetry layers. 

4.3.2 Subsurface distribution 

Differences in concentration patterns for both years and across seasons were evident when 
comparing subsurface virtual kelp particle distributions (Figure 4:3). In general, particles were 
located near the north-western part of the study domain with only slight variation across seasons 
and between years, with the exception of winter and autumn of year 2 where particles were located 
in the highest concentrations in the south-western portion of the study domain (Figure 4:3). 
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Figure 4:3 Hexagonal heatmaps for all virtual sub-surface kelp for both years and all seasons. The plane has been divided 
into regular hexagons and then are filled according to the number of particles within each hexagon. Faint grey lines 
represent the various bathymetry layers. 

During the summer of year 1, particles were located between the coast and where the continental 
shelf edge ends, while in year 2 particles were located further west of the shelf edge and closer to 
the coast (Figure 4:3). Clear entrainment of particles was visible in year 1, with reduced entrainment 
during the summer of year 2 (Figure 4:3). No differences in particle concentrations were evident for 
autumn of both years, with only slight variation in the spread of particles. During autumn of year 1, 
particles were located close to the coast and spread eastwards with an even distribution (Figure 
4:3). In autumn of year 2, particles were located further from the coast compared to year 1 and 
limited to a narrow band of particles (Figure 4:3). The overall direction of particles and entrainment 
patterns were different for winter of both years and compared to other seasons, with particle 
direction towards the south-west of the study domain (Figure 4:3). During winter of year 1, particles 
were initially concentrated in the north-western and south-western portions of the study domain, the 
latter with higher concentrations (Figure 4:3). The high concentration of particles in the south-
western portion also reflected eddy entrainment patterns (Figure 4:3). The concentration of particles 
which exited the eddy on the northern side spread evenly (Figure 4:3). For winter of year 2, particles 
were located south of the peninsula in highly concentrated, limited patches (Figure 4:3). 
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There were clear differences between particle distribution patterns between years for spring (Figure 
4:3). For spring of year 1, particles flowed in a north-westward direction evenly and concentrated in 
the most north-western portion of the study domain (Figure 4:3). The even distribution occurred over 
the wider portion of the underlying bathymetry (Figure 4:3). In year 2, particles were highly 
concentrated in the most southern portion of the study domain (Figure 4:3). 

4.3.3 Sunken distribution 

Differences in sink locations and concentration of particles were evident between years and across 
seasons (Figure 4:4). For summer of year 1, particles sank along the seafloor in a north-westward 
direction, while in year 2 particles were concentrated to a patch in the most northern part of the 
study domain (Figure 4:4). During autumn of year 1, particles sunk close to the coastline with the  

 

Figure 4:4 Hexagonal heatmaps for all virtual sunken kelp for both years and all seasons. The plane has been divided into 
regular hexagons and then are filled according to the number of particles within each hexagon. Faint grey lines represent 
the various bathymetry layers. 

highest concentration to the north of the study domain (Figure 4:4). For autumn of year 2, particles 
were located further offshore with lower concentrations to the north of the study domain (Figure 4:4). 
For winter of year 1, particles sank close to the coast in the northern part of the study domain with a 
lower concentration of particles extending southwards along the coast (Figure 4:4). For winter of 
year 2, particles were concentrated along the eastern part of the coastline and the study domain 
(Figure 4:4). Particles sunk in the most north-western part of the study domain for Spring of year 1 
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(Figure 4:4). For year 2, particles were spread out to the south-western portion of the study domain, 
with no clear differences in concentrations evident (Figure 4:4). 

4.3.4 Beached distribution 

No clear differences, only variation, were evident for beaching locations and concentrations across 
all seasons and years, with the exception of winter (Figure 4:5). There was only slight variation 
between the summer of year 1 and year 2, where fewer concentrations of particles located to the 
north of St. Helena Bay (Figure 4:5).  

 

Figure 4:5 Hexagonal heatmaps for all virtual beached kelp for both years and all seasons. The plane has been divided 
into regular hexagons and then are filled according to the number of particles within each hexagon. Faint grey lines 
represent the various bathymetry layers.  

In year 2, a higher concentration of particles was located north of St. Helena Bay compared to year 
1 (Figure 4:5). For winter, no differences were evident in distributions between years, with the 
highest concentration of particles located around the southern tip of the Cape Peninsula and within 
False Bay (Figure 4:5). 

4.3.5 Surface and sink convergence 

In both years and across seasons, site particle trajectories were all directed north-westward with the 
exception of winter (Figure 4:6). In winter for both years, the general direction of site trajectories was 
south-eastwards and closer to the Caper Peninsula (Figure 4:6). For both years and across 
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seasons, the trajectory for particles released from St. Helena Bay flowed separately and did not 
overlap with the other site trajectories (Figure 4:6). With the exception of Buffelsbaai and Batsata 
Rock, particles released from sites within False Bay did not tend to travel outside of False Bay 
(Figure 4:6). Instead, these particles generally beached near release locations, except for during 
winter when particles travelled and beached on the eastern side of False Bay (Figure 4:6). During 
summer for both years, particle trajectories were more evenly spread out in the north-western 
direction, with little overlap between trajectories (Figure 4.6). In autumn and spring for both years, 
trajectories were concentrated along a narrow band that starts approximately at -34°S (Figure 4:6). 

 

Figure 4:6 The trajectories of all surface virtual kelp for both years and all seasons. The trajectory and the associated 
release site are represented by the various line types. Faint grey lines represent the various bathymetry layers. 

The most overlap of particles occurred during winter for both years, where the flow of trajectories 
was chaotic and directed towards the south-western portion of the study domain and eastwards 
along the coastline towards Betty’s Bay (Figure 4:6). The distribution and overlap of sites for surface 
and sunken virtual kelp particles differ across seasons and varies between years (Figure 4:7). For all 
seasons and years particles released from the various sites generally sank in the same location, 
with autumn of year 2 the exception as particles were dispersed over the south-western portion of 
the continental shelf. Some sites from False Bay (Baboon rock, Miller’s point, A-frame and Kalk Bay) 
were absent from sink locations (Figure 4:7). 
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Figure 4:7 The mean point distribution for depth of all surface virtual kelp for both years and all seasons. The surface kelp 
distributions are grouped per site and are represented by varying shapes. Faint grey lines represent the various 
bathymetry layers. 

Comparison of summer between years shows no differences in sink sites, with the sites mostly 
located along the north-western part of the study domain; some variation visible (Figure 4:7). In 
summer of year 1, particles sank in a narrow band east of the continental shelf with more sites 
converging further north (Figure 4:7). In year 2, particles were concentrated further northward near 
the end of the study domain and less concentrated along the continental shelf edge. In both years 
for summer, virtual kelp released from Buffelsbaai settle near St. Helena and close to the coast 
(Figure 4:7). Variation in sink sites was also evident for autumn between years. In autumn of year 1, 
most sank in similar locations in a narrow band close to most northern part of the coastline in the 
study domain (Figure 4:7).  
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Figure 4:8 Proportion of particles for each phase at the end of the simulation run for Austral summer (row A) and autumn 
(row B) for each respective year. The size of the point is related to the number of particles within that life cycle phase at the 
end of each simulation run. 

In year 2, particles were still located in the northern domain and were spread to the east of the 
coastline (Figure 4:7). In winter of year 1 particles sank towards the north-western part of the study 
domain (Figure 4:7). The virtual kelp from St. Helena Bay sank to the north and separated from the  
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Figure 4:9 Proportion of particles for each phase at the end of the simulation run for Austral winter (row C) and spring (row 
D) for each respective year. The size of the point is related to the number of particles within that life cycle phase at the end 
of each simulation run. 

other sites. During winter of year 1, kelp from the majority of release sites were present at the sink 
locations (Figure 4:7). In winter of year 2, the only kelp that sank in the study domain were released 
from St. Helena Bay, with all other sites absent. In spring of year 1, kelp sunk further north-westward 
compared to summer (Figure 4:7). Kelp from release sites were clustered together in the most north-
western part of the study domain. Release sites in False Bay, such as Baboon rock, Miller’s point, 

Kalk Bay, and A-Frame, did not feature as sink locations (Figure 4:7). In Autumn of year 2, kelp from 
the release sites spread across the south-western portion of the study domain (Figure 4:7). The 
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sunken virtual kelp, depending on release site, occasionally sank in the same location. For example, 
St. Helena Bay towards the most eastern portion of the study domain, and Hout Bay near the 
continental shelf edge (Figure 4:7).  

There are clear differences between the amount of kelp that eventually sank, beached or travelled 
outside the study domain, between seasons with variation between years (Figure 4:8 and Figure 
4:9). During summer months, no particles travelled outside the study domain (Figure 4:8). The 
highest proportion of particles that travelled outside the domain occurred during spring months and 
to a lesser magnitude during autumn and winter months (Figure 4:9). The highest proportion of kelp 
particles that beached occurred during winter months, in particular year 2, where almost all the 
particles beached (Figure 4.9). Kelps released from Buffelsbaai were the only material to travel 
outside of False Bay during all times of the year, while the remaining sites (Baboon rock, Bachata 
rock, Miller’s point, and Kalk Bay) only travelled outside of False Bay during winter of year 2 (Figure 
4.9). Kelps released from Betty’s Bay (southern site extreme) usually became beached, while kelp 

from St. Helena Bay (northern extreme) had similar proportions of beached and sunken kelp across 
seasons and years (Figure 4:9). 

4.4 Discussion 

The findings from this study aid our understanding of the role mesoscale features play in influencing 
solitary macroalgal trajectory patterns and distribution. The importance of including drag 
components in relation to the surface area of passive solitary kelp shown in Chapter 3 was 
confirmed; however, the study did not find that the site-specific morphological characteristics 
influenced the trajectory of virtual kelp particles. Instead, the inclusion of site-specific morphological 
characteristics was important in describing entrainment patterns of virtual kelp particles. In addition, 
the simulation study supports the justification of the site-specific approach used, which I argue 
should be incorporated into future studies on the subject. 

Previous work investigating drifting macroalgal trajectory patterns shows that macroalgae tend to 
follow the ocean currents (see Chapter 3) and indicated that the kelp’s drag components are 

important for characterising entrainment patterns within mesoscale oceanographic features (Beron-
Vera et al., 2016, 2019; Brooks et al., 2019; Coppin et al., 2020; Putman et al., 2020). This was 
evident from the analysis of surface and subsurface kelp distributions, which shows high 
concentrations of virtual kelp particles within mesoscale features during times of high activity 
(Austral summer and winter). Eddies have been identified as important surface accumulation zones 
for other types of flotsams (Brach et al., 2018; D’Asaro et al., 2018, 2020; Onink et al., 2019). For 
example, Beron-Vera et al. (2016) used a Maxey-Riley approach to include the effects of inertia on 
accumulation patterns. The authors found that the effects of inertia were responsible for 
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accumulation patterns within mesoscale features and noted the presence of other flotsam within 
these features during field validation work. Other work by Brooks et al. (2019) investigated the 
distribution of Sargassum rafts in relation to radial size and windage. The authors found that eddies 
were important surface accumulation zones and that the inclusion of windage based on radial raft 
size greatly increased the accuracy of numerical simulations. Improvement between observed and 
modelled trajectories by including ad-hoc windage was also reported by Putman et al., (2018, 2020) 
when investigating dispersal patterns of Sargassum, but the trajectories did not match completely. 
The discrepancy between observed and modelled trajectories and entrainment could be further 
reduced by including hydrodynamic drag, which Brooks et al. (2019) and Putman et al. (2018, 2020) 
did not consider. However, this may be difficult due to the highly variable nature of kelp raft size. I 
argue that the results from this study not only provide evidence for including hydrodynamic drag 
along with windage but also for the site-specific approach, which would allow raft-size variability to 
be taken into account.  

Virtual kelp particles remain entrained when sinking, which was a result of the incorporated drag 
components. In Chapter 3 I found that purely Lagrangian particles remained on the boundary of 
mesoscale features with very little evidence of entrainment, while virtual kelp exhibited high 
entrainment patterns and focused toward the centre. Ocean eddies have a ‘centre,’ which acts as an 

important surface accumulation zone for flotsam (Brach et al., 2018) as well as the vertical transport 
of heat, salinity, nutrients (Jayne and Marotzke, 2002) mostly through the centres. This is due to the 
upwelling and downwelling characteristics of both cyclonic and anti-cyclonic eddies (Bakun and 
Nelson 1991; Bakun, 2006). This is dependent on whether the eddy is “spinning-up” due to frictional 

forcing from adjacent flow patterns, or “spinning-down” when the eddy moves away from the 

formation source and begins to decay (Bakun, 2006). This trend has been reported in previous work 
by Beron-Vera et al. (2019) and Miron et al. (2020). For example, Pichel et al. (2012) used a 
combination of satellite and aircraft observations to detect and describe ‘ghost gear’ distribution 

within the Gulf of Alaska. The authors found that eddies, particularly in the central cores, can collect 
and retain ghost gear and highlighted the role eddies play in flotsam accumulation on the surface.  

The extant research on macroalgae dispersal patterns makes no effort to describe the subsurface 
dispersal patterns, which this study does. As well as acting as accumulation zones, eddies also 
disperse the kelp particles over the study domain and towards the coastline when ‘leaking’ of virtual 
kelp from an eddy occurred. Some of the entrained virtual kelp particles frequently exit on the 
eastern side of mesoscale features. This resulted in kelp particles becoming entrained within the 
Benguela Jet to travel northwest or to become entrained in other passing mesoscale activity, and or 
eventually beaching. Although the ‘leaking’ of particles was less common than continued 

entrainment, particle leakage from mesoscale features was an influencer of virtual kelp particle 

http://etd.uwc.za/



 

 109 

dispersal over the study domain. The leaking of particles is most likely a result of the underlying 
bathymetry. A study by Rubio et al. (2009), which aimed to characterise and validate mesoscale 
activity in the Southern Benguela Upwelling region, found similar trends regarding volume transport 
of nutrients. The authors showed that eddies (which extend vertically through the water column) 
interacted with the underlying bathymetry on the coastal side of the feature which results in weaker 
dynamics. These weaker dynamics on one side of the mesoscale feature resulted in volumes of 
seawater particles exiting on the weaker dynamic side. Although Rubio et al. (2009) investigated 
fluid parcels of water and not biological flotsam, the mechanism of weaker dynamics could explain 
the leaking of virtual kelp particles from mesoscale features within the study domain. The 
mechanism of leakage and transport towards the coast may also be a form of barrier to offshore 
transport (Bracco et al., 2000), preventing further offshore transport and redirecting movement of 
virtual kelp particles toward the coast.  

Eddies have also been shown to act as dynamic upwelling and downwelling of volume transport in 
the open ocean. Downwelling occurs on the periphery of mesoscale features in a cyclonic eddy.  
Flow patterns and upwelling-downwelling characteristics also differ between the centre and the 
interior flow patterns (Bakun 2006; Pegliasco et al., 2015). Ocean eddies which exhibit interiors of 
upwelling and divergent flow are associated with convergent flow and downwelling near the edges 
(Bakun 2006; Morrow and Le Traon, 2012; Pegliasco et al., 2015). In contrast, eddies with interiors 
of downwelling and divergent flow are associated with upwelling and convergent flow on the outer 
edges. These dynamic ocean features are regarded as important mechanisms of volume transport. 
For example, eddies are considered the main mechanism of transport of heat for the Antarctic 
Circumpolar Current (ACC) (Karsten et al., 2002a;b).  Similar relationships between virtual kelp 
particles and mesoscale features were evident from the analyses of surface and subsurface patterns 
and distributions within the study domain. Virtual kelp particles located towards the centre of an 
eddy continue to remain entrained while sinking. Since eddies are structured vertically through the 
water column, this aided in the vertical transport and distribution towards the seafloor. McGillicuddy 
Jr et al. (2003) used an eddy-resolving model to investigate the role of mesoscale features as 
sources and sinks of nutrients in the North Atlantic. The authors showed that the mesoscale features 
have a significant influence of nutrients within the euphotic zone. In fact, the downwelling of 
mesoscale features is of such high magnitudes that it can counter-balance Ekman-driven upwelling 
in the subpolar gyre. Although biological flotsam is considered in this study, similar patterns are 
seen in the results for the sub-surface and sunken kelp particles. High concentrations of kelp 
particles are located in areas on the seafloor, which coincide with subsurface mesoscale 
entrainment patterns. Generally, kelp particles settle on the seafloor in the northern part of the study 
domain inshore of the continental shelf; the exception being spring of year 2. The distribution of 
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sunken virtual kelp coincides with an area where kelp has been found previously. Woodborne et al. 
(1989) characterised kelp rafted geological clasts along the West Coast citing previous work by 
Gentle (1987) who described a possible kelp sink location. Gentle (1987) describes kelp rafted 
clasts that were recovered from dredging an area approximately 120 km northwest of Cape 
Columbine at an approximate depth of 350 m. The dredged samples consisted of sand and pebbles 
held together by a loose mat of seaweed. Unfortunately, Gentle (1987) did not describe the species 
of seaweed but simply called it ‘kelp;’ however, based on the most common species of kelp in South 
Africa, the species could be E. maxima, Ecklonia radiata (C.Agardh) J.Agardh, Laminaria pallida 
Greville and M. pyrifera (Linnaeus) C.Agardh.  

Mesoscale features within the study domain also influence the proportions of virtual kelp particles 
which beach by acting as barriers to offshore transport (Keith et al., 2011). Eddy filaments which 
originated offshore and occasionally travel shoreward entrain nearby kelp particles trajectories 
become largely influenced by the eddy filament. The development of filaments is due to the 
convergent and divergent flow patterns associated with ocean eddies (Jayne and Marotzke, 2002; 
Bakun, 2006; Morrow and Le Traon, 2012; Pegliasco et al., 2015). For example, an anti-cyclonic 
eddy that is spinning-up will be characterised by convergent flow patterns on the surface. The 
surface convergent flow patterns can occasionally develop into convergent frontal structures, which 
move within the interior of the eddy (Bakun, 2006; Morrow and Le Traon, 2012). The opposite is true 
for spinning-up cyclonic eddies, which are characterised by divergent horizontal flow patterns (Spall, 
1995; Bakun, 2006). The divergent flow patterns on the surface can develop into submesoscale 
eddies and filaments through frictional and shear forces of adjacent flow patterns (Bakun, 2006; 
Morrow and Le Traon, 2012). 

The trajectory of the kelp particle is therefore determined by the trajectory of the eddy-filament which 
was either north-westward or shoreward causing higher proportions of beaching during the winter 
months of both years. Distributions of sunken virtual kelp tend to be along the shelf edge or 
continental shelf, patterns that are similar to those observed in natural conditions. A study by Filbee-
Dexter and Scheibling (2016) aimed to identify predictors and describe spatial patterns of drift algae. 
The results showed that bathymetry, distance to coast, and slope were the best predictors of the 
spatial distributions observed during surveys. Drift algae were often found in depressions or flats. 
The authors attributed the spatial patterns to flow regimes, which are slower on flats than on slopes, 
and also noted high accumulations on slopes and ledges close to shore. Similar spatial distributions 
are observed in the current study. Although sunken virtual kelp did accumulate along steep 
bathymetry lines, most accumulated along the continental shelf. The continental shelf’s flat covers a 

larger area compared to deeper offshore areas within the study domain. Currents in flat areas tend 
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to travel slower which may explain the spatial patterns in this study, as slower currents aid in the 
accumulation of drift kelp or in this case virtual kelp (Filbee-Dexter and Scheibling, 2016).  

The findings from this study provide insight into some important ecological questions. Although the 
potential of kelp as an organic subsidy has been shown through various methods (Filbee-Dexter and 
Scheibling, 2014; Filbee-Dexter and Scheibling, 2016; Filbee-Dexter et al., 2018; Dyer et al., 2019), 
these studies have only been able to infer the potential spatial extent. These results provide 
numerical evidence for kelps’ role as an inorganic subsidy to near- and offshore ecosystems while 
characterising the spatial extent. In addition, these findings offer a potential method to assess kelps’ 

contribution to Blue Carbon. Challenges exist in identifying the pathways of organic subsidy, which 
is vital for developing Blue Carbon policy (Howard et al., 2017; Smale et al., 2018; Filbee-Dexter and 
Wernberg, 2020. These results provide numerical evidence for kelps’ potential role in mitigating 

climate change by acting as a carbon sink thorough characterising the spatial distribution and 
identifying the influencers of floating kelp trajectory. Populations of the target species for this study, 
E. maxima, have expanded eastward along the coast in recent years (Bolton et al., 2012). The 
specific mechanism that enabled populations to expand eastwards has not been identified; however, 
the findings from this study provide insight. Although the general flow of particles was north-
westward for most of the year, virtual kelp particles moved eastwards along the coast into False Bay 
and further during the winter months. The eastward movement during the winter months of virtual 
kelp particles coupled with the release of spores while floating (Joska and Bolton, 1987) provides 
evidence for the potential role of ocean currents in the expansion of kelp populations around the 
South African coastline.  

4.4.1 Conclusion 

Macroalgae are prone to entrainment within mesoscale features, such as eddies and the associated 
eddy-filaments, if present but otherwise follow the ocean currents. The inclusion of site-specific 
morphological characteristics allowed for a quantitative approach to estimating windage, 
hydrodynamic drag, buoyancy and sink rates, all of which are important parameters for accurately 
characterising the distribution of macroalgae in the ocean. In this experiment, the results verify 
findings from other studies investigating eddies as convergence zones for flotsam but highlight a 
possible barrier to macroalgal transport that eddy-associated filaments and fronts may pose. 
Furthermore, the current work highlights the role of kelp in the overall carbon/nutrient cycle within 
the oceans by identifying possible ‘kelp sinks’ in the north-western and south-western areas of the 
Benguela Upwelling System. The findings from this study provide insight into some essential 
ecological knowledge gaps regarding kelps’ spatial extent of organic subsidy, potential role in 

mitigating climate change, and the expansion of E. maxima along the South African coastline.  
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5 : General Discussion 
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5.1 General discussion 

The range of numerical tools available to marine researchers is primarily driven by the 
oceanographic fields of study and underpinned by our current understanding of physical processes 
in the ocean (North et al., 2009; Van Sebille et al., 2020). The development of open-source tools 
from the oceanography scientific community has in recent years become a popular tool outside the 
fields of oceanography. One of those fields is ecology, having been used in various manners, 
enabling scientists to study ecological processes through a quantitative and empirical lens. An 
example of such a tool is Lagrangian Trajectory modelling which has advanced the study of various 
gaps in our ecological understanding of the effect of physical ocean processes on the dispersal of 
various marine taxa (North et al., 2009; Van Sebille et al., 2020). For purposes of this dissertation, 
advances in hydrodynamic and trajectory modelling were used to investigate the influencers of 
morphological characteristics and dispersal patterns of dislodged, floating kelp.  

Kelp forests and their ecological contributions are a popular area of research, and their importance 
as ecological engineers and drivers of biodiversity is well established (Graham, 2004; Fowler-Walker 
et al., 2005; Wing et al., 2007; Wernberg and Goldberg, 2008; Harley et al., 2012; Smale and 
Moore, 2017). Kelp forests also provided an important organic subsidy into near- and offshore areas 
via ocean currents in the form of whole plants and plant debris (Mann, 1973; Dayton et al., 1998; 
Miller et al., 2011; Krumhansl and Scheibling, 2012; Pedersen et al., 2012). This has been 
demonstrated by studies using isotope-based approaches (Dyer et al., 2019) and field-based 
experiments (Filbee-Dexter et al., 2018). In terms of whole kelp (individuals dislodged during times 
of high wave energy), the focus has been on understanding the transport of kelp rafts (Hobday, 
2000a; Thiel and Gutow, 2005; Brooks et al., 2019; Putman 2018, 2020).  

The mechanism under which kelp-formation occurs is not currently known and assumed this likely 
occurs in times of intense wave energy, such as storms. The definition of a kelp raft is also not clear, 
as existing studies use context-specific definitions. For example, Harrold and Lisin (1989) used an 
artificial kelp raft, defined as an entanglement of mixed kelp species with a specific size. Others 
focus on a particular genus or species whose sizes (extent of surface area on the ocean surface) 
are highly variable (Brooks et al., 2019; Putman et al., 2018, 2020). In addition, the methods used 
cannot be replicated for other species due to the context-specific approach and the high 
morphological complexity seaweeds, macroalgae, and kelps are known for.  

Although context-specific, the previous work on the subject has provided many important insights 
into the underlying transport mechanisms. Ocean currents and the indirect effect of wind have been 
inferred. Examples of studies that have taken advantage of the advanced tools mentioned 
previously have shown that wind plays a direct role in the form of windage (Brooks et al., 2019; 
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Putman 2018, 2020). Although drag resulting from the ocean current (hydrodynamic drag) has been 
identified as an important mechanism for other flotsam, none of the extant research on kelp rafts 
considers such aspects. Besides previous work identifying windage as an important influencer of 
trajectory, mesoscale ocean features were shown to be an important influence trajectory of kelp 
rafts; albeit with the same context-specific limitations (Brooks et al., 2019; Putman 2018, 2020). 
However, gaps still exist in their potential role as accumulation zones, associated seasonal 
components, acting as barriers to transport, and mesoscale processes’ role in determining the sink-
location of floating kelp.  

The mix of previous context-specific approaches, high morphological diversity and complexity of 
target species, gaps in important ocean transport mechanisms, and the role of physical ocean 
features provides a unique opportunity to develop a general approach which can be applied across 
species while taking the surface-area of the kelps’ complicated morphological characteristics into 

account, using Lagrangian based methods. The importance of understanding such processes cuts 
across different spheres. In terms of floating kelp’s ecological role, being able to quantify the organic 

subsidy to the near- and offshore, contribution to habitat complexity offshore, and the role floating 
kelps play in the transport of other species which remain attached while afloat. Kelps’ contribution or 
mechanism for combating climate change is by acting as a ‘carbon sink’ and via ‘carbon-
sequestration’ is also paramount. However, this will require a deeper understanding of the dispersal 
patterns of kelp floating on the ocean surface. This is also true for the socio-economic aspects.  

Kelps are harvested in situ or collected from beaches and rocky shorelines in the form of “beach-
cast” or “kelp-wrack” (Griffiths et al., 1983; Michaud et al., 2019; Gilson et al., 2021). In some 
countries, the harvesting of seaweed is a highly controlled resource. For example, in South Africa, 
the coastline is divided into ‘concession areas.’ The biomass of the harvested species within these 

concession areas is monitored to ensure sustainable harvesting (Troell et al., 2006). In addition, the 
rights-holders for concession areas are expected to not over harvest and abide by the biomass 
restrictions. In addition, the awarding of concession areas to previously disadvantaged South African 
citizens acts as an essential economic empowerment mechanism (Troell et al., 2006). Significant 
beaching events of macroalgae, usually associated with storm activity, can also act as a nuisance 
for the public. The decaying process of kelp releases a foul odour and attracts invertebrate species, 
creating an environment that is unpleasant for the public, particularly in dense metropolitan coastal 
areas. No current method exists for forecasting kelp-wrack as too little is known about the processes 
involved. A hindcast/forecast model would aid ecological studies as well as the government 
agencies responsible for the management of coastal areas, particularly beaches.  

An additional layer of complexity to the site-specific approach proposed is that kelp morphological 
characteristics are driven by the local temperature and wave environment, which vary considerably 
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along coastlines. Also, the extant research investigating morphological characteristics had not 
applied quantitative, high resolution, and empirical measures of wave exposure and/or temperature. 
Therefore, to gain the data needed for a site-specific approach, influences of waves and 
temperature on morphological characteristics were first investigated and described. The 
investigation of morphological characteristics has added to the current understanding and improved 
upon it by using Linear Wave Theory, high-resolution temperature data of the nearshore, and 
numerical descriptions of abiotic influencers, which were lacking in the literature. The current work 
has shed light on the gaps that exist in macroalgal trajectory by using a morphologically site-specific, 
solitary approach to investigate trajectory patterns. Leveraging these advancements allowed the 
identification of quantitative wave and temperature metrics, and morphological characteristics were 
described, which were used to investigate the role of size, shape and buoyancy and the ocean 
processes involved in macroalgal trajectory. Finally, once the important aspects and ocean 
processes were identified, a numerical description of macroalgal distribution within the study region 
was developed and described. 

In chapter 2, the investigation of morphological characteristics added to the current understanding 
as well as improved upon it by using Linear Wave Theory, high-resolution temperature data of the 
nearshore, and numerical descriptions of abiotic influencers. The results from chapter 2 confirmed 
that the local wave environment is the main influencer of Laminaria pallida Greville and both 
populations (shallow and deep) of Ecklonia maxima (Osbeck) Papenfuss. The study was also able 
to identify the specific wave metrics involved, which can be further tested in future studies and 
allowed us to better understand the effects of climate change on kelp. Although kelps are highly 
resilient, there is a threshold to the wave environment which also comes with a cost. The reduction 
in drag reduces the available surface area of the plant to capture light and limits photosynthesis, 
while strength-increasing traits may incur a significant physiological cost. Ultimately, increasing 
wave energy in the nearshore environment may reduce the resilience of kelp forests over time 
increasing dislodgement rates, particularly during storms.  

Temperature also directly influences morphological characteristics by increasing metabolisms which 
limits the growth and surface area of the plant. Not only does increased temperature reduces 
resilience to the physiological cost of a warmer environment, but there is also a loss of habitat for 
other marine taxa that kelps provide via morphological structure. Other stochastic events such as 
Marine Heat Waves would only push kelp forests further, resulting in a thinning out over time. 
However, in environments where kelp forests are expanding such as South Africa where climate 
change effects have resulted in increased upwelling around the coast, the expansion of kelp may 
buffer dislodgement rates. One of the target species of this dissertation, E. maxima, has expanded 
further eastward along the coast (Bolton et al., 2012), with reports of increased biomass in other 

http://etd.uwc.za/



 

 117 

areas, such as Dyer Island Reserve located in Gansbaai (Pers comm. Smit). There has been no 
recent assessment of the kelp biomass around the coast of South Africa. The results also provided 
evidence for species leveraging different strategies for adaptation, such as drag-reducing or 
strength-increasing traits. Future studies should replicate the approach to identify the specific wave 
and temperature metrics which influences different species of kelps.  

In chapter 3, the focus was on identifying the important physical ocean processes and drag 
parameters needed to model macroalgal trajectory patterns, in this case, that of E. maxima. Ocean 
currents act as an important dispersal mechanism of material on the ocean surface, both natural and 
anthropogenic. The extant research on the subject focused on windage, kelp- or macroalgal-rafts, 
and did not take the complex morphological characteristics of kelps into account. The results from 
this study confirmed that solitary drifting kelp dispersal in the ocean is influenced by surface currents 
and that the inclusion of hydrodynamic drag into simulations caused virtual kelp particle trajectories 
to differ from that of purely Lagrangian particles.  

Although the current work was purely numerical, results showing solitary floating kelp should not be 
treated as purely Lagrangian is an important finding. Interestingly, results showed windage was not 
an influencer of offshore transport which was unexpected. The role of windage and the associated 
momentum energy have been shown to influence the trajectories of Sargassum rafts (Brooks et al., 
2019; Putman 2018, 2020). Instead, simulations which included wind drag (windage) drifted closer 
to shore, suggesting that windage plays a role in beaching. This has been identified by Miron et al., 
(2020) who showed that wind was an important component when considering beaching scenarios, 
particularly wind direction. If the wind blows towards the shoreline, then the likelihood of beaching 
increases.  

Additionally, the study initially used the minimum, mean, and maximum surface areas, but no 
differences were seen for minimum and mean surface areas. These preliminary findings suggest the 
range of surface area available is not necessarily important in influencing trajectory but that the 
maximum surface area scenario should be considered a minimum requirement in future studies. 
This differs from previous work which shows that small differences in velocity can result in vastly 
different trajectory outcomes. The resolution of the ocean model used may have limited the study in 
this regard, as a higher ocean model is required when investigating the variation in surface area of 
kelp and the potential to influence trajectory. The differences between minimum and mean surface 
areas may not have been significant enough to be resolved based on the current resolution of the 
ocean model available. Future studies should consider the varying surface area of morphological 
characteristics of the same species while employing high-resolution ocean models. The 
development of high-resolution models and resolving mesoscale ocean processes are active areas 
of study, it will not be long before these findings can be tested further with higher resolution models, 
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both temporarily and spatially, and with improved representation of ocean processes becomes 
available. Although not the focus of the study, the findings also highlighted the role of mesoscale 
processes, such as eddies, in influencing the trajectory of solitary floating E. maxima; as well as the 
importance of hydrodynamic drag increasing the potential to become entrained. Chapter 3 is the first 
study on the subject which provides quantitative evidence that hydrodynamic drag is an important 
component to consider when modelling the trajectory of solitary kelp, and a form of windage would 
aid in reflecting beaching events.  

In chapter 4, the concepts developed in chapter 3 were employed on a larger scale with additional 
parameterisations to reflect natural conditions such as sinking and buoyancy. Unlike previous 
studies which considered different sizes of kelp rafts, this study used the site-specific approach for 
multiple sites around the coastline to characterise the dispersal of solitary floating kelp. Storms are 
often associated with large quantities of kelp-wrack and kelp rafts but dislodged solitary kelps are a 
more common occurrence around the coastline. The site-specific approach offers a more general 
description of kelps’ role as an organic subsidy to offshore areas. In addition, no studies have used 
Lagrangian-based techniques to investigate solitary floating kelp beaching patterns.  

The ability to use real-world measurements offered an opportunity to investigate the role of 
mesoscale features in macroalgal trajectory and identify any site-specific kelp morphological 
characteristics that may influence trajectory, and accumulation areas (surface and sink). Due to the 
limitations of using mixed fields (ocean and wind) when simulating sinking with OceanParcels, 
windage estimates based on the current speed were used. The compromise made for windage was 
not ideal however, since the direct role of wind was largely insignificant in the overall transport, 
coarse estimates used were considered suitable for a general description of beaching patterns. The 
underlying ocean processes which increase or induce beaching with marine flotsam has been 
investigated previously (Bakun, 2006; Beron-Vera et al., 2016; Brach et al., 2018; Onink et al., 2019; 
Putman et al., 2020). Studies investigating beaching phenomena of flotsam require a different set of 
numerical requirements and is a nuance subject. Therefore, although the results highlighted the 
seasonal patterns of beaching around the coastline, more studies are needed which focus on the 
underlying ocean processes, which is not within the scope of this dissertation. Unlike the previous 
chapter, more realistic measures of buoyancy were used, which in turn was used to calculate the 
effects of hydrodynamic and wind drag. Buoyancy was calculated using the data from chapter 2, 
opposed to using different scenarios of windage and the size. The technique has been used by 
Putman et al., (2018, 2020) to provide insights for the role of mesoscale ocean features trajectory of 
pelagic Sargassum and is an accepted technique. However, the site-specific approach was also 
applied to calculating buoyancy and sink rates, as these parameters may differ enough to alter 
dispersal patterns of virtual kelp between sites. The addition of sinking as a parameter allowed for 
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investigation of sunken distributions of kelp with the study domain, the Southern Benguela Upwelling 
Region. The results from showed that macroalgae, in this case E. maxima, are particularly prone to 
entrainment in mesoscale features such as fronts and eddies. Furthermore, mesoscale features in 
the region act as a transport barrier to offshore transport. There were no clear differences when 
comparing trajectories and surface accumulation areas between sites, showing that the site-specific 
approach may not be needed to model the trajectory of floating kelp.  

Although these findings suggest that site-specific morphological characteristics did not influence 
overall trajectories, it would be interesting if future studies incorporated the approach with high-
resolution ocean models. This was the first study which attempted to numerically characterise 
solitary kelp distribution on the seafloor. The results also showed possible accumulation areas on 
the seafloor that reflected patterns characterised in a previous study (Woodborne et al., 1989). 
Mesoscale eddies were also shown to play a role in the subsurface transport of kelp to the seafloor, 
which the extant research on the subject has not investigated. This study is also the first to use 
numerical simulations to characterise the solitary kelp distribution on the seafloor. Overall, 
mesoscale features play a fundamental role in influencing solitary kelp trajectory. Studies 
investigating the role of kelp as an important organic subsidy to offshore areas in the ocean have 
performed stable isotope approaches and field-based experiments. 

The overall findings provide insight into the knowledge gaps limiting investigations of kelp as a Blue 
Carbon component. One of the key challenges in investigating kelp as a potential carbon 
sequestration mechanism is the lack of any known approach to characterise input into blue carbon 
ecosystems. Kelp detritus can be buried under sediments and possibly indirectly included in the blue 
carbon contribution of tidal marshes, mangrove forests, beaches, and seagrass beds (Howard et al., 
2017; Smale et al., 2018; Filbee-Dexter and Wernberg, 2020). Additionally, the proportions of kelp 
sequestered in deep ocean environments are considered rudimentary. For kelp to be considered in 
current and future blue carbon policies, the sources and sinks within regions of interest need to be 
established (Howard et al., 2017; Smale et al., 2018; Filbee-Dexter and Wernberg, 2020). The 
results from chapters 3 and 4 provide insight, albeit numerically, into the spatial extent of floating 
kelp on the surface and seafloor. Identification of mesoscale ocean features as influencers of sink 
sites, surface accumulation, and barriers to offshore transport is also significant, as climate change 
causes these processes to change in various complex ways. Although not a comprehensive 
characterisation, the findings from this dissertation provide numerical-based evidence for the distant 
transport into the offshore area of floating solitary E. maxima and, ultimately, organic input. 
Proportions of kelp deposited offshore and on land (beaches and rocky shorelines) are an identified 
need in the study of kelp and blue carbon, which was successfully performed in this dissertation. 
Also, proportions of the different virtual kelp phases (floating, sinking, sunk, beached, and out of 
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bounds) varied seasonally, suggesting a seasonal component of kelps’ ability to sequester carbon in 
offshore areas. I commonly criticise previous work for the context-specific findings and approaches 
within this dissertation. Although it could be argued it is the same for this dissertation, I provide 
reproducible methods that can be altered to suit the target species in question or replicated entirely 
on the same approach.  

I also provide insight into the expansion of E. maxima eastwards along the South African coastline. 
Waters around the South African coastline are cooling due to the effects of increased upwelling 
(Smit et al., 2013), making larger areas of the coastline suitable for E. maxima. However, it has only 
been inferred that floating E. maxima most likely follow the ocean currents to expand into new areas. 
Kelp remains alive after dislodgement and releases spores as an ecological response to 
physiological shock afloat, making them a highly effective dispersal mechanism (Joska and Bolton, 
1987). The expansion of E. maxima populations could have occurred during the winter months, as 
shown with virtual kelp trajectories in this study. If a kelp individual is able to reach distant shores 
along the coast while still releasing spores, it may be possible for recruits to establish themselves 
and exploit new habitats. Additionally, if the cooling trend along the South African coastline 
continues, it is possible that E. maxima and the associated biota will move further eastwards. 
Further expansion of kelp populations could have significant impacts on those coastal communities 
(Bolton et al., 2012). 

Conclusion 

The study shows the importance of including drag, buoyancy and sink rate components based on 
morphological characteristics. Individual-based numerical experiments confirm results from previous 
studies regarding macroalgal trajectory patterns, identifying surface currents as the primary 
influencer. Unlike previous studies, the current work showed the importance of including 
hydrodynamic drag, along with windage, as a critical parameterisation concerning simulating 
macroalgal dispersal patterns in the open ocean. The results show that hydrodynamic drag is an 
important influencer of trajectory on both the surface and subsurface, as well as entrainment in 
mesoscale features. The study sheds light on the seasonal component of macroalgal trajectory, 
which is related to the seasonality of the Benguela Jet and mesoscale oceanographic features within 
the study region. The surface and seafloor accumulation zones identified in numerical simulations 
provide evidence for the suggested resource organic resource coupling between deep and 
nearshore ocean environments from drifting macroalgae. Also, the current work provides an 
alternative individual-based approach for investigating and simulating macroalgal dispersal in the 
open ocean, which can be applied to any macroalgal species. The approach also offers a method 
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for investigating the formation of kelp rafts in the open ocean. I provide numerical evidence which 
sheds light in the role of kelps role in terms of organic subsidy and Blue Carbon contribution. 

Limitations 

The current study was limited by the resolution of the oceanographic and wind models (both 
spatially and temporarily), which do not resolve finer scale processes such as sub-mesoscale 
features. Since macroalgal distribution patterns are influenced by the underlying oceanographic 
conditions, patterns which emerge in nature may not be reflected in numerical simulations 
(McGillicuddy Jr et al., 2003; Zhong et al., 2012; Van Sebille et al., 2018). For example, it has been 
observed that Sargassum species tend to form long lines on the surface as a result of 
submesoscale geostrophic processes, which the models used in this study do not resolve (Zhong et 
al., 2012). Therefore, although mesoscale dispersal patterns can be simulated, the finer scale 
processes cannot be accurately resolved (Zhong et al., 2012). In addition, the current work focused 
on open-ocean processes as the investigation of nearshore transport is nuanced and beyond the 
scope of this study which limits the findings to open-ocean transport only. The software used made 
using mixed fields when simulation sinking particles impossible, and wind estimates were used 
based on surface current speed (the ocean model is forced by wind), which may not accurately 
reflect the effects of windage on both drag and momentum energy transfer. 

5.2 Recommendations for further research 

Future research should aim to simulate virtual kelp particles using a finer scale resolution in both the 
spatial and temporal sense. This would allow for the investigation of finer scale submesoscale 
processes to be resolved as well as the associated dispersal patterns of macroalgae. Nearshore 
dispersal patterns of macroalgae fell out of the scope of the study, which future work should 
consider. Understanding transport patterns on the nearshore would be highly beneficial to coastal 
management agencies and commercial entities which harvest beach-cast kelp. Future work on the 
subject should also consider using custom-made drifters, which would validate the findings, as well 
as fieldwork campaigns to identify accumulation zones on the seafloor. Also, experimental work 
should be performed to identify the appropriate drag characteristics and shape coefficients to be 
used for simulating drifting macroalgae, which may improve the accuracy of overall distribution 
patterns. The ability to combine mixed fields (ocean and wind fields) in Lagrangian software would 
be able to negate the use of wind estimates and instead interpolate from a separate wind field, 
which would better reflect aspects of windage.  

The method used in this dissertation provides an opportunity to use such an approach to investigate 
the role of kelp in carbon sequestration and characterising the reliance of offshore marine 
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organisms. Future numerical studies should be coupled with field-based experiments to aid in 
validating findings which could aid in investigating these important topics. The ability to forecast 
beach-wrack biomass and dislodgement of kelp could be beneficial to management and harvesting 
agencies, to determine threats to the resource or time of high biomass of kelp raft and being a 
nuisance to beachgoers. Finally, future studies should build on the individual-based approach to 
investigate the mechanisms and conditions under which kelp rafts form. 
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5.3 Appendix  

 

Figure A1: The total and seasonal wave roses of the directional wave buoy just offshore from Cape 
Town is given for years 2000 till end of 2017 (the period for which the directional wave spectra was 
available). The total (A), Austral winter (B), and Austral summer (C) are presented, respectively. 
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Figure A2: Heatmaps comparing densities and patterns across time-release options. The plots are 
regular hexagons within which the density of particles were calculated. Faint grey lines represent the 
various bathymetry layers. 
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Figure A3: Hexagonal heatmaps for all passive surface particles for year 1 and all seasons. The 
plane has been divided into regular hexagons and then are filled according to the number of 
particles within each hexagon. Faint grey lines represent the various bathymetry layers. 
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Figure A4: Hexagonal heatmaps for all phases passive surface particles for year 2 and all seasons. 
The plane has been divided into regular hexagons and then are filled according to the number of 
particles within each hexagon. Faint grey lines represent the various bathymetry layers. 
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