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Abstract 

 

The installation of marine renewable energy devices (MREDs) is progressing rapidly along 

many coastlines. It has been suggested that MRED arrays could provide stepping-stones for 

larval dispersal, mediating species range expansions or invasions. As common members of 

hard-substrate fouling communities and likely colonisers of MREDs, the larval dispersal 

processes of barnacles (Cirripedia: Thoracia) in the Firth of Lorn (Scotland) are assessed at 

scales ranging from mm to 10s – 100s km. At the scale of the organism itself, significant 

differences in larval mass densities and sinking velocities were observed between species of 

cirripedes, suggesting that larval physiology and morphology play an important role in water 

column vertical positioning. The importance of vertical positioning to horizontal transport and 

dispersal of larvae was identified in field surveys of the horizontal and vertical distributions of 

cirripede larvae, which revealed the interplay of wind-driven and tidally-oscillating currents 

in determining transport distances. Numerical simulations of larval dispersal based on a three-

dimensional hydrodynamic model then demonstrated that larvae with shallower abundance 

distributions often experienced greater horizontal transport, but that net dispersal distances 

were often greater for larvae deeper in the water column. Overall, simulated transport and 

dispersal distances were greatest for particles released at habitats further from the coast, such 

as MREDs, suggesting that the connectivity of these adult populations may be enhanced. 

 

Together, larval morphology, vertical positioning, and the coastal proximity of adult habitat 

could serve as useful indicators of larvae capable of reaching nearby newly installed offshore 

structures. For locations designated for MRED development in the Firth of Lorn, it is 

suggested that species with dispersal abilities similar to the cirripedes in this study could 

feasibly use these structures as stepping-stones for dispersal and range expansion, which 

could have important consequences when fouling communities are comprised of 

commercially important or invasive species. 
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1. General Introduction 

 

1.1 Marine renewable energy and the environment 

 

In 1990, 30% of the world population lived in proximity to a coastline. This figure is rising 

rapidly, growing to 41% in 2002 (Small and Nicholls 2003, UN 2005): a trend that is likely to 

continue. As coastal development persists, so does human influence on coastal ecology 

through habitat degradation and construction of man-made structures in the coastal 

environment (Glasby and Connell 1999, Connell 2001). At the same time, worldwide demand 

for energy continues to increase, amidst an environment of dwindling fossil fuel supplies 

(Heinberg and Fridley 2010, Moriarty and Honnery 2010) and CO2 emission-related climate 

change (Hansen et al. 2008). Harvesting renewable energy from the sea promises to assist in 

supplementing the global energy supply while reducing associated carbon emissions (Boehlert 

and Gill 2010). Offshore wind, tidal, and wave energy conversion devices, referred to here by 

the general term ‘marine renewable energy devices’ (MREDs), are developing rapidly as a 

large number of government and privately funded organizations look to commercialize 

improving technology (Bedard et al. 2010). The United Kingdom possesses one of the richest 

resources for marine renewable energy, with the potential to extract a total of 100 TWh/yr 

from wave and tidal energy, with great economic promise (House of Commons 2001). 

 

As with all coastal constructions, these developments are not without environmental impacts. 

The majority of ecological research relating to MREDs has focussed on species of special 

interest, such as birds and marine mammals, and has only recently started to focus on 

consequences for the benthic environment As MRED installations represent new physical 

structures in pelagic and/or soft-bottom environments, among their greatest impacts may be 

their ability to act as artificial reefs. While these structures can provide shelter for mobile 

fauna including crabs, fish, and lobsters, they also represent new habitats for colonisation by 

epibiotic species. These reef effects are commonly observed in relation to buoys, pilings, 

turbines, lines, foundations, and scour protection (pier pilings and pontoons, Connell 2001, 

wind turbine pilings, Wilhelmsson and Malm 2008, wave buoys and foundations, Langhamer 

et al. 2009, marine renewable energy devices, Boehlert and Gill 2010). 

 

The scale of response to habitat modification caused by an MRED installation may be greater 

than the size of the individual device or array. As the number of constructions along a 
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coastline increases, cumulative ecological responses may emerge. For example, where 

multiple MRED arrays are deployed along a coastline, they may function as corridors or 

stepping stones for species dispersal and range expansion, with potential associated changes 

in ecosystem functioning (Hicks and Tunnell 1993, Bulleri and Airoldi 2005, Sheehy and Vik 

2010) brought about by the arrival of new species. 

 

1.1.1 Larval transport, dispersal, and population connectivity 

 

A significant proportion of epibiotic species possess two-phase life cycles comprised of a 

sessile adult phase and a pelagic larval phase. The dispersal of pelagic larvae from one 

location to the other has great influence on gene flow and connectivity between otherwise 

isolated populations (Cowen 2006, Pineda et al. 2007). The implications of the spatial scale of 

dispersal and accompanying larval transport have gained focus in recent years, associated 

with growing interest in marine population modelling, fisheries management, the spread of 

invasive species, and marine protected area (MPA) design. Pineda et al. (2007) describe larval 

dispersal as “the spread of larvae from a spawning source to a settlement site”, which is 

differentiated from larval transport, “the horizontal translocation of larvae between two 

points”.  

 

In physical oceanographic terms, ‘dispersion’ is the transport of water-borne material 

resulting from water velocity, which can change through space and time (Largier 2003). 

Dispersion can be split into two components: (a) advection, the mean transport of a collection 

of particles, and (b) diffusion, the random differences in transport of individual particles 

(Largier 2003). Dispersal, as described above in ecological terms, is synonymous with 

‘dispersion’. Larval dispersal represents the net transport of larvae by turbulent processes, 

often influenced by larval behaviour. While significant dispersal must be complemented by 

significant larval transport, restricted larval dispersal is not always accompanied by limited 

transport (Figure 1. 1). 

 

The exchange of individuals (larvae, juveniles, or adults) between geographically separated 

populations defines population connectivity, though such connections need not be two-

directional (Pineda et al. 2007, Treml et al. 2008). Differences in the degree of connectedness 

between populations can contribute greatly to patterns in distribution and abundance of 

marine organisms over time (Levin 1992, Kinlan et al. 2005, Treml et al. 2008, Ritter 2009), 

both ensuring the persistence of isolated populations (Roughgarden et al. 1988, Gaylord and 
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Gaines 2000, James et al. 2002) and the re-establishment of populations following disturbance 

events (Palumbi 2003, Levin 2006).  

 

 
Figure 1. 1: Illustration of the relationship between pelagic larval duration (PLD) and dispersal distance. 

While the total length of each line represents larval transport distances, dispersal distance represents the 

net change in position from spawning to settlement. While organisms with short PLD (solid lines) do not 

have sufficient pelagic time to disperse significant distances, organisms with long PLD (dashed lines) have 

the potential to disperse great distances, given appropriate oceanographic conditions. However, in many 

cases, larval retention and other processes may restrict transport of organisms with long PLD to short or 

intermediate dispersal distances. 

 

 

1.1.2 MREDS as population connectors 

 

As technology improves, the number and size of MRED installations continues to grow. 

Offshore wind comprises the largest share of developments in the UK, and in June 2010, 

construction work was completed on the largest offshore wind installation to date, with 100 

turbines covering an area of 35 km2 (Vattenfall UK 2010), while an even larger array 

occupying 245 km2 is under construction in the Thames Estuary (London Array 2007). Wave 

and tidal stream energy developments are also advancing, and developments totalling 1.6 GW 
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have been proposed for British waters. With this in mind, the construction of MRED arrays in 

coastal waters may substantially alter the biogeography of many coastal and intertidal species, 

particularly as the volume of new, MRED-related habitat in the marine environment grows.  

 

Transport of organisms to and from MRED array sites can occur by both anthropogenic and 

natural means. Larvae, juveniles, or adults may arrive as hitchhikers on devices or device 

components constructed at inshore harbours and transported offshore, or vice-versa, 

artificially connecting these sites. This thesis, however, will not focus on human-induced 

transport, dispersal and connectivity. Rather, I discuss existing connectivity patterns of coastal 

species through natural transport, dispersal, and colonization processes, and potential 

alterations resulting from the installation of new habitat in the form of MREDs.  

 

MREDs may act as artificial islands which could provide stepping-stones for dispersal by 

natural processes across previous biogeographic boundaries (Petersen and Malm 2006). 

However, not all species will be able to disperse to and populate new installations. Population 

connectivity is an inherently biophysical problem, influenced by a combination of physical 

processes such as transport and dispersion, and biological characteristics, including the timing 

of spawning, larval behaviour, vertical positioning, and survival (Cowen et al. 2007). Each of 

these processes and traits play a role in determining the dispersal patterns of individual 

species, so research aimed at a single connectivity response without acknowledging the 

effects of others is likely to miss, or misinterpret important outcomes. While this remains a 

significant challenge for marine ecologists, MRED installation also represents an opportunity 

to explore the mechanisms limiting dispersal, population connectivity, and geographic 

distributions.  

 

Using sessile barnacles (Cirripedia: Thoracia) as model organisms in a series of field surveys, 

laboratory experiments, and numerical modelling, the work presented in the following 

chapters makes timely use of such an opportunity to advance understanding of larval 

dispersal, with MRED developments in mind. In the remainder of this introductory chapter, I 

first introduce sessile barnacles as an appropriate model organism of study, and then use the 

sequence of conditions outlined in Figure 1. 2 to explore the potential for MREDs to affect 

the biogeography of coastal species from a larval dispersal standpoint, as follows: 
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Section 1.2 – Barnacles as organisms for studies of dispersal and population connectivity 

introduces sessile barnacles as a common fouling organism of artificial habitats, and so an 

appropriate choice of model organism for studies of MREDs and larval dispersal. 

 

Section 1.3 - MRED induced changes in population biogeography of coastal species 

discusses the geography of MRED installations while exploring the role of habitat 

configuration in determining species ranges and limitations (A, B, and C of Figure 1. 2).  

 

Section 1.4 - MREDS as larval sinks: can larvae get there? describes the physical and 

biological processes which may influence patterns larval transport and dispersal between 

natural, and natural and artificial structures, including MREDs (Figure 1. 2 B).  

 

Section 1.5 – Colonization of MRED habitats briefly describes the processes influencing the 

development of organism communities on and around MRED structures (Figure 1. 2 C and D) 

 

Section 1.6 - MREDS as sources of larvae for distant populations, focusses on the ability 

larval export from adult populations on MREDs to influence other natural environments, 

completing the ‘stepping-stone’ pathway of dispersal (Figure 1. 2D and E).  

 

Section 1.7 summarises the preceding four sections, distilling the information presented into 

hypotheses tested in the studies to follow, while Section 1.8 characterises the area of study 

relating to work presented here. Finally, Section 1.9 provides an outline of the remaining 

chapters in this thesis. 
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Figure 1. 2: Conditional flow diagram outlining the potential for an offshore MRED or MRED array to 

alter patterns of population connectivity, species ranges, and biogeography for a particular species. This 

approach should be applied to each species individually, and while device implementation will produce 

significant effects for some species, it may not be of biogeographic significance for others.  

 

  

(A) 

(B) 

(C) 

(D) 

(E) 
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1.2 Barnacles as organisms for studies of dispersal and population connectivity 

 

Barnacles are ubiquitous members of hard-substrate faunal assemblages worldwide. They 

occupy a diversity of habitats, and can be found occupying environments as diverse as rocky 

shores and hydrothermal vents (Southward 2008). The body of research focussing on 

barnacles is significant, and still growing. While Charles Darwin published his first 

monographs on Cirripedia in 1851 and 1854 (Darwin 1851, 1854), an ISI Web Of Knowledge 

(www.wok.mimas.ac.uk) keyword search using “Cirripedia” resulted in over 4500 studies 

published from the year 2000 to date. Barnacles are also common fouling species, settling on 

almost any solid object in the marine environment, including MREDs. This characteristic may 

not be desirable for device developers and engineers, so a range of anti-fouling strategies are 

often employed, frequently using substances harmful to the environment. Through careful 

siting of structures, it may also be possible to discourage fouling of this kind by natural 

means: diminishing connectivity between the MRED and natural populations of fouling 

organisms. 

 

The biology and reproduction of many barnacle species is well understood, particularly for 

common intertidal species such as those found on the coasts of the United Kingdom. This 

study focusses on the order Sessilia Lamarck, 1818, and the suborders Verrucomorpha 

Pilsbry, 1916, and Balanomorpha Pilsbry, 1916. These species are particularly useful for 

studies of larval dispersal, as the timing of larval release is predictable (generally in 

association with the spring and summer phytoplankton blooms, Southward 2008), and 

embryos are readily obtained from adult specimens for laboratory culture and 

experimentation. Additionally, the six naupliar stages and a seventh cyprid stage are easily 

identified in samples of zooplankton. The larvae of species targeted by this study have been 

described by numerous authors, listed in Appendix 1. 

 

The pelagic larval durations of these species of barnacle are relatively long when compared 

with many other fouling organisms, ranging from approximately 2-6 weeks (Appendix 1). 

This time allows for adequate dispersal of larvae, such that the effects of regional 

oceanographic or environmental features become apparent, including retention of larvae and 

long-distance dispersal. Species with shorter pelagic larval durations do not have sufficient 

time to experience longer-distance dispersal on the scales of regional or mesoscale 

oceanographic features, so it becomes difficult to tease apart dispersal processes over multiple 

scales. While barnacle larvae may not be suitable for some techniques often used in studies of 
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larval dispersal, such as trace elemental fingerprinting (DiBacco and Levin 2000), their 

common nature (both as adults and larvae), ease of identification, affinity to laboratory 

culturing, and longer pelagic larval durations make them ideal for large-scale observational 

studies, laboratory experimentation, and biophysical modelling studies, as described in this 

thesis.  

 

1.3 MRED-induced changes in population biogeography of coastal species 

 

Marine species often occupy broad geographic ranges, sometimes spanning significant 

latitudinal gradients and more than one coastline or body of water. For many organisms 

existing in shallow coastal environments, suitable habitat is often fragmented, and so 

populations are divided into sub-populations linked to varying degrees by dispersal of larvae, 

juveniles, and adults. The connections between sub-populations, therefore, play a crucial role 

in the spatial dynamics of marine organisms, affecting community structure, gene flow, and 

species persistence and recolonisation capacity after disturbance events (Hastings and 

Harrison 1994, Botsford et al. 2001, Cowen et al. 2007). 

 

The installation of marine renewable energy devices in coastal waters has the potential to alter 

the spatial distribution of coastal species, particularly those dependent on habitats comprised 

of hard substrate. Where offshore energy devices are situated in areas devoid of suitable 

habitat, they could provide stepping stones for the movement of species across previously 

constraining geographic barriers, such as a wide, deep channel or an extensive patch lacking 

suitable habitat. While some authors argue that for most species colonisation of anthropogenic 

structures occurs slowly as a result of short dispersal distances mediated by stepping-stones 

(Bacchiocchi and Airoldi 2003), rapid expansions of species ranges in short time-frames and 

the observation of larvae from coastal areas in ocean gyres may suggest otherwise (Scheltema 

1986a, Newman and McConnaughey 1987, Shanks et al. 2003). For example, the 

azooxanthellate scleractinian coral, Tubastrea coccinea has rapidly spread between oil 

platforms across the Gulf of Mexico since their construction in the 1970’s, representing a 

significant range expansion (Fenner 2001). It may be that range expansion is generally slow 

in accordance with small-scale, short term dispersal, but punctuated by less frequent long-

distance dispersal events which briefly accelerate range expansion, as has been suggested for 

many species of invasive macroalgae (Lyons and Scheibling 2009). 
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Every marine species has an individual ecological niche: a set of environmental conditions 

beyond which it cannot survive or reproduce, hereby limiting its abundance and distribution 

(Brown et al. 1996). This can be considered the ‘potential range’ for any species, 

geographically extending in all directions to the boundary where it becomes impossible for 

that species to survive. The ‘realised’ range occupied by a species is often significantly less 

than the potential range. In such cases, sufficient time may not have elapsed for populations to 

spread to the edge of the potential range, or range expansion may be blocked by a significant 

geographic barrier. Where the extent of a species’ realised range begins to approach that of 

the potential range, boundary populations may experience sub-optimal conditions which are 

sufficient for survival, but which are not suitable for successful reproduction. While Shelford 

(1931) first described this as his ‘law of toleration’, recent work relating organism physiology 

to climate change has described optimal thermal windows beyond which organism 

performance and abundance decreases until survival is impossible (Pörtner and Farrell 2008).  

 

Similar optimal windows may be observed for other tolerances limiting species ranges, such 

as air exposure, wave exposure, salinity and depth: these may influence the biogeographic 

importance of MRED installations. When placed within the realised range of a sessile coastal 

organism, the existing natural populations of some species may be enhanced by the 

availability of novel habitat on MREDs, as a result of increased population size and possible 

spill-over of larval output, similar to that seen for marine reserves. However, when situated in 

the area of mismatch between the limits of the potential and realised ranges, these 

installations may be well placed to expand the realised range of that organism by offering 

suitable new habitat (i.e. they are located in a geographically significant location, Figure 1. 

2A). By consequence, MREDs may not only represent new habitat for a species beyond its 

realised range, but may also offer a ‘bridge’ across previous barriers to range expansion, 

allowing species to reach previously inaccessible unoccupied natural habitats within their 

potential range.  

 

Smaller MRED arrays may exclude fishing and other exploitation by their nature, as there is a 

risk of collision and gear entanglement with the structures. Larger arrays are likely to be 

surrounded by enforced maritime exclusion zones, preventing fishing activity in the vicinity 

(Inger et al. 2009). As a result, the areas around MRED arrays are likely to serve as unofficial 

marine protected areas where fishing, dredging, and other habitat disturbance will be limited 

following device installation. Marine protected areas can hence be used as interesting proxies 

for MRED arrays, and vice-versa. In areas of significant habitat fragmentation, MPA design is 
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often constrained by the spatial structure of habitat patches, and will be influenced by the 

dispersal capabilities and degree of population isolation of species of high conservation 

priority (Jones et al. 2007, Roberts 2010). For example, studies on MPAs have indicated that, 

to ensure adequate larval export, optimal reserve size must be large enough to support an 

ecologically viable population, but not larger than about twice the target species’ dispersal 

range (Palumbi 2001, Roberts 2010). On the other hand networks of MPAs arranged to 

encourage larval exchange may be more effective for species capable of longer dispersal 

distances (Palumbi 2003, Roberts 2010). It has been suggested that in England, MPAs for a 

specific habitat type should be on average 10 – 20 km across in their smallest dimension, and 

that to form an effective network with adequate connectivity, they should be no more than 40 

– 80 km apart (Palumbi 2003, Roberts 2010). A similar sized MRED array may be more 

likely to support ecologically significant communities of organisms with self-sustaining 

populations. However, where arrays are spaced more distantly (from land and from each 

other) than the 80 km suggested, they may be less likely to act as part of a network of 

connected populations, and propagule exchange is likely to be limited. Consequently, for 

species characterised by long-distance larval dispersal, the configuration of multiple arrays 

will influence the degree of larval exchange between arrays, while individual arrays (or even 

devices) may be able to maintain individual populations of organisms with shorter pelagic 

larval durations. 

 

1.4 MREDs as larval sinks: can larvae get there? 

 

In the coastal environment, opportunities to investigate ecological processes following habitat 

creation are rare. MREDs represent an entirely new habitat, essentially free from previous 

inhabitants and associated ecological cues. Thus for many species, colonization of an MRED 

array requires that species are able to reach the structures and arrive in appropriate 

physiological condition and at a suitable larval stage for settlement.  

 

The major processes influencing the distribution and abundance of pelagic larvae along a 

coastline are larval production, diffusion, along-shore and cross-shore advection, mortality, 

and settlement (Figure 1. 3). Coastal topography and current flows interact to create regional 

flow regimes with oceanographic features which may be more or less complex, depending on 

the complexity of local relief. In turn, coastal topography and flow regimes are major 

determinants of suitable habitats for intertidal organisms (Roughgarden et al. 1988). Before 

offshore circulation patterns on open coastlines were linked to population dynamics 
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(Roughgarden et al. 1988, Alexander and Roughgarden 1996, Cowen 2002, Gilg and Hilbish 

2003), broadly dispersing species were expected to have significant colonization rates to new 

habitat and to show little sensitivity to habitat spatial arrangement (Levins 1969). However, 

more recent biophysical modelling studies indicate that for benthic organisms with planktonic 

larvae, dispersal is directional and often reflects local oceanographic processes such as 

upwelling, eddies, and tidal cycles (Botsford et al. 1994, Richards et al. 1995, Alexander and 

Roughgarden 1996, Lee and Williams 1999, Cowen et al. 2003). This inherent directional 

nature of larval transport augments the importance of habitat configuration (Gaylord and 

Gaines 2000).  

 

Where MREDs are placed along straight coastlines, the width of the coastal boundary layer 

and degree of turbulence-induced diffusion in the offshore direction may be significant 

determinants of larval supply to offshore structures. If arrays are placed outside the coastal 

boundary layer, larval supply and resulting colonisation may be greatly reduced. Complex 

coastlines, however, are subject to more complex water movements which may alter the 

degree of connectedness between populations of coastal organisms and MREDs. Noteworthy 

coastal features include eddies, jets, and retention zones, which can be particularly prevalent 

in the vicinity of headlands (Graham and Largier 1997, Lipphardt et al. 2006, Mace and 

Morgan 2006). For example, there is much support for larval retention within mesoscale 

eddies, exemplified by studies of fish larvae in the Santa Barbara Channel (Nishimoto and 

Washburn 2002) and the Florida Keys (Lee and Williams 1999), as well as for retention in 

sub-mesoscale and small-scale eddies on timescales comparable with planktonic larval 

durations (Hutchins and Pearce 1994, Hare and Cowen 1996, Largier 2003, Sponaugle et al. 

2005). The positioning of offshore energy extraction devices in relation to these types of 

features will be a determinant of colonisation success. Where arrays are placed in a strong 

retention zone, associated epibenthic communities will be more likely to reflect nearby, 

analogous (hard substrate) natural communities, and changes to biogeography may be 

minimal, particularly if larvae from MRED colonies are also retained locally.  

 

For MREDs, location in respect to prevailing current patterns and distance from nearby 

habitat will strongly influence the potential for coastal organisms to arrive. This, in turn, will 

be related to the desired type of energy extraction. Wind energy devices are more likely to be 

installed in regions of slower current flows, while tidal stream energy installations will 

evidently be located in areas of strong currents. The increased volume of water flow could 

increase the rate of larval supply (# larvae m-3 s-1) to tidal stream devices, while any larvae 
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spawned by adult populations at these habitats may experience increased transport. On the 

other hand, around wind energy arrays larval retention may be more important, as once adult 

populations are established larval supply from other sources may be less than supply from 

within the array itself, given the slower current flows. In the case of barnacles, Jonsson et al. 

(2004) demonstrated that the rate of contact of larvae with the substrate (and settlement rate) 

was inversely proportional to flow speed, suggesting that fewer larvae may be able to settle in 

higher energy environments. Following on, the increased turbulence and current flows of 

highly exposed environments suited to wave energy extraction may affect the ability of 

propagules to settle on the devices themselves (Gaylord et al. 2002).  

 
Figure 1. 3: Processes influencing the distribution and abundance of pelagic larvae along an idealized 

straight coastline (after Possingham and Roughgarden 1990). 

 

Current patterns, wind, and wave conditions are subject to significant variability across daily, 

seasonal, and inter-annual timeframes. A recent review of the larval transport processes of 

multiple species on the Californian coast showed the direction of dispersal to be linked to 

prevailing currents which often reversed on a seasonal basis (López-Duarte et al. 2012). 

Numerical models have also been used to demonstrate seasonal shifts in connectivity patterns 

(Mitarai et al. 2009, Peguero-Icaza et al. 2010), often in response to changing wind conditions 

(Natunewicz et al. 2001), while characterisation of geochemical tags in invertebrate larvae 

have highlighted variability in dispersal at even shorter, weekly, temporal scales (Fodrie et al. 

2011). Inter-annual variability in processes acting at larger geographical scales such as El 
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Niño and the North Atlantic Oscillation can also influence smaller-scale processes relevant to 

coastal dispersal including upwelling and the seasonal formation of near-shore thermoclines, 

which could, in turn, result in variability in population connectivity patterns (Pineda et al. 

2007). 

 

1.4.1 Larval vertical positioning and behaviour 

 

While it remains a basic assumption in many modelling studies, the supposition that larvae 

are dispersed as passive particles has been largely invalidated for many taxa (Warner and 

Cowen 2002). Larval behaviour has long been thought to influence larval dispersal (Nelson 

1912, Rothlisberg et al. 1995, DiBacco et al. 2001), and local retention and long distance 

transport can both result from simple changes in vertical positioning of larvae in the water 

column (Carriker 1951, Bousfield 1955, Wood and Hargis 1971, Sponaugle et al. 2002). 

Though the majority of planktonic organisms are unable to swim at speeds such that their 

horizontal position is altered with respect to horizontal flow velocities, many are able to swim 

sufficiently to position themselves vertically in the water column relative to features such as 

convergent fronts, tidal bores, vertical clines, or to the surface or bottom of the water column 

(Pineda 1999, Forward and Tankersley 2001, Daigle and Metaxas 2011). Horizontal current 

velocities are rarely uniform from the sea surface to the bottom, and are influenced by wind 

forcing, tidal cycles, and benthic topography (Knauss 1996), so the vertical positioning of a 

larva may significantly influence horizontal dispersal distance. For example, using a 3-

dimensional modelling approach, Fox et al. (2006, 2009) demonstrated that passive dispersal 

alone was not sufficient for transport of plaice (Pleuronectes platessa) larvae from spawning 

to nursery grounds in the Irish Sea. In the case of barnacles, field studies have suggested 

differential swimming behaviour between cyprids and nauplii as a transport mechanism for 

different pelagic larval stages (De Wolf 1973, dos Santos et al. 2007, Tapia and Pineda 2007, 

Tapia et al. 2010), though the observed temporal patterns (i.e. diel migrations, tidally 

synchronised, ontogenetic) of such migrations are not consistent across these studies.  

 

Diel vertical migration has been proposed as a feature of vertical positioning in some 

zooplankton (Tremblay and Sinclair 1990, Botsford et al. 1994, Hays 1995), including 

cirripede cyprids (dos Santos et al. 2007), but position may also be correlated to high food 

concentrations, often found in areas of vertical shearing or convergence of horizontal velocity 

fields related to fronts or clines (Woodson and McManus 2007). In areas of flow reversal (e.g. 

estuaries), net horizontal water transport is often reduced, so aggregated propagules may 



Chapter 1: General Introduction 
 

14 
 

experience reduced transport or dispersal (Woodson and McManus 2007). In tidal areas, De 

Wolf (1973) suggested that barnacle cyprids (and NVI napulii to a lesser extent) sink to the 

seabed at times of low current velocity, and are then redistributed throughout the water 

column as current velocities increase. However, in conditions of significant turbulence or 

vertical mixing, an organism’s ability to maintain its vertical position may be disrupted 

(McManus et al. 2003), affecting horizontal transport and dispersal.  

 

Larval behaviour, along with pelagic larval duration and time to competency, is an important 

determinant of the capacity for a particular species to arrive at an MRED and possibly settle. 

However, predicting which species will arrive at offshore devices is a significant challenge, 

given the large variety of MRED array configurations and the local specificity of 

oceanographic processes and intertidal community composition. Regardless, offshore 

anthropogenic structures such as oil platforms and wind turbine pilings almost universally 

harbour a community of encrusting organisms, suggesting that propagules of some species 

will arrive, no matter the location (Railkin 2004, Bram et al. 2005, Wilhelmsson and Malm 

2008).  

 

1.5 Colonisation of MRED structures 

 

Assemblages found on offshore anthropogenic structures often reflect natural surrounding 

populations (Moschella et al. 2005, Langhamer and Wilhelmsson 2007), but they are by no 

means equivalent to natural hard substrate and do not support the same community makeup or 

diversity (Wilhelmsson and Malm 2008, Inger et al. 2009). The latter argument is supported 

by studies carried out at inshore locations using pier pilings, pontoons (Butler and Connolly 

1996, Glasby and Connell 1999, Connell 2001), breakwaters, and groynes (Bacchiocchi and 

Airoldi 2003). On these near-shore structures, local species richness was depressed and 

larger-scale geographic species distributions changed, indicating these habitats were not 

equally suitable for all organisms with colonising potential. Equally, MREDs will not 

represent ideal habitat for all potential colonisers (Figure 1. 2C), and the inhabiting 

community makeup will be influenced by the distinctive environmental conditions intrinsic to 

these devices, as well as the artificial nature of the substrate (Miller et al. 2013). Species less 

able to colonize offshore structures (those possessing short pelagic larval durations or where 

unfavourable oceanographic or settlement conditions exist) may be adversely affected by 

increased pressure from those which can, including non-native species (Airoldi et al. 2005, 

Moschella et al. 2005). 
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Even where MREDs are well situated to alter biogeography (placed where changes in species 

ranges are not limited by environmental conditions or lack of habitat), modifications in spatial 

distribution patterns will only occur if colonizing populations are viably connected to existing 

coastal populations by larval transport or migration of adults (where possible). If dispersing 

larvae arriving and settling on the device die without reaching maturity or reproducing, their 

contribution to population growth and expansion will be negligible. In other words, MRED 

populations must serve as both sources and sinks for larvae on time scales of ecological 

significance to be considered instigators of biogeographic change.  

 

While on-device processes such as settlement, growth, reproduction, and mortality are 

important considerations when addressing connectivity and biogeography of organisms on 

MREDs, this thesis focusses on the off-device, or pelagic processes. These include the 

horizontal transport and distribution of larvae in relation to environmental and hydrological 

conditions, as well as the influence of vertical positioning and (to a lesser extent) larval 

behaviour on dispersal and connectivity (A, B, and E in Figure 1. 2) 

 

1.6 MREDs as sources of larvae for distant populations 

 

In order for MRED arrays to have a significant influence on population connectivity patterns 

and regional biogeography they must serve as sources of larvae, as well as sinks: larvae 

spawned from these offshore colonies must disperse to a further suitable coastal environment 

and survive to settle and reproduce. Even so, secondary dispersal of colonisers to further 

habitats and resulting regional-scale changes in natural populations is rarely, if ever 

considered when assessing the environmental consequences of such structures. This may be 

because it is very difficult to distinguish changes in dispersal, settlement, and recruitment 

patterns caused by anthropogenic constructions from natural variations in larval supply and 

dispersal from existing populations (Pelc et al. 2010). 

 

Numerical modelling studies using graph theory have investigated the role of individual 

islands or habitats in spatial patterns of dispersal and connectivity, considering populations as 

both sources and sinks for larvae (Treml et al. 2008, Urban et al. 2009). Using a removal 

approach, Treml et al. (2008) modelled the effects of habitat destruction on regional coral reef 

connectivity in the tropical Pacific Ocean. In this case it was possible to trace both upstream 

and downstream dispersal, identifying critical island stepping stones for population 
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connectivity. A similar, but reverse, approach could be used to predict the biogeographic 

impacts of MRED arrays, modelling them as artificial islands and monitoring hypothetical 

connectivity patterns before and after their construction.  

 

The regional influence of MRED array populations depends strongly on oceanographic 

effects, environmental conditions, and individual pelagic larval duration and survival, as did 

the original arrival of propagules to structures. Directional flow fields and larval behaviour, 

will determine the final locations of competent larvae. Depending on the type of device, 

MRED arrays themselves may alter local hydrological conditions, increasing local turbulence, 

altering flow velocities, and perhaps creating new larval retention zones (Shields et al. 2011), 

meaning proportionally less larvae are exported from the array than are imported to it. 

Similarly, the same physical drivers discussed in section 1.4 can be applied to the further 

transport of propagules away from MREDs: directional flows must be such that they carry 

spawned larvae to further habitat, within the competency window and realised range of that 

species.  

 

1.7 Synthesis and study aims 

 

As global demand for energy continues to increase, the development of renewable energy 

technologies offers an attractive alternative to carbon-based energy extraction which could 

make a significant contribution to the reduction in anthropogenic carbon emissions. In the 

UK, marine renewable energy is a potentially lucrative source of ‘green’ energy, and new 

developments are proceeding with great speed. While the environmental benefits of reduced 

carbon emissions offered by this technology are attractive, the ecological effects of offshore 

installations on coastal communities must be considered, and any impacts reasonably 

mitigated or minimized.  

 

Local retention of larvae in proximity to coastal habitat is common, but the few vagrant larvae 

escaping can be ecologically significant, particularly for the maintenance of genetic and 

species diversity, range expansion, species invasions, and evolutionary change (Levin 2006). 

As novel offshore habitats, the construction of MRED devices may amplify the biogeographic 

effects of these coastal ‘escapees’ by providing previously absent stepping stones. Though 

much recent work has focussed on the existence of larval retention and its corresponding 

population effects, the new habitat created by MREDs and other offshore structures highlights 

the importance of even occasional openness in connectivity patterns.  
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From a population connectivity and biogeography standpoint, a logical approach to impact 

prediction can be followed through the series of conditions previously outlined in Figure 1. 2. 

Where the MRED array does not meet one or more conditions, it will be less likely to 

manipulate patterns of dispersal or cause changes in the ranges of coastal species. While we 

would hope to accurately predict patterns of transport, dispersal, and connectivity of pelagic 

larvae between structures such as MREDs, there remain many gaps in our understanding of 

these processes, particularly with respect to individual species and to specific environmental 

conditions. 

 

This thesis focusses on two of the previously outlined conditions: the successful dispersal of 

larvae from near-shore environments to offshore devices, and the transport of offspring 

spawned at offshore devices to further suitable habitats. It aims to address fundamental 

questions about larval transport, dispersal, and population connectivity, the outcomes of 

which can then be applied to marine renewable energy development. These include:  

 

1) Clarification of the influence of coastal geography and physical water column features 

on cirripede larval dispersal in complex coastal environments. 

2) Identification of divergent larval vertical distributions between species, and across 

naupliar stages, and an attempt to identify a mechanism for such divergent 

distributions. 

3) Use of a modelling approach to determine the influence of habitat configuration and 

larval vertical positioning on the horizontal distribution of barnacle larvae in a 

complex coastal environment. 

4) Identification of biological characteristics or hydrodynamic processes which may 

influence the connectivity of offshore structures, such as MREDs, to other habitats, 

and assessment of the potential for associated biogeographic effects. 

 

While many recent studies have targeted the interaction of physical processes and dispersal of 

larvae, these have tended to focus on single scales, ranging from regional-scale dispersal 

compared with mesoscale oceanographic features (e.g. Botsford et al. 1994, Graham and 

Largier 1997, Largier 2004, Treml et al. 2008, Ayata et al. 2011), to fine-scale hydrodynamics 

and the individual larva (e.g. Mileikovsky 1973, Kelman and Emlet 1999, Grünbaum and 

Strathmann 2003, Jonsson et al. 2004, Chan 2012). However, the interplay of processes acting 

at multiple scales remains less well understood, for example, how fine features influencing 
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the vertical positioning of individual larvae affect large-scale dispersal, and so population 

connectivity. This thesis, hence, focusses on processes affecting larval dispersal across 

multiple scales, using barnacles and their larvae as a model organism.  

 

First, a large-scale observational study aims to identify patterns of horizontal larval 

distribution in relation to environmental parameters, local geography, and oceanography of 

the study area, the Firth of Lorn, located on the west coast of Scotland. This is followed by a 

more focussed survey of the depth distributions of cirripede larvae in three locations within 

the study area, and an experiment examining the physical properties and fluid dynamics of 

individual larvae. Mechanisms acting on progressively smaller scales are then proposed which 

may influence the observed patterns. Subsequently, a biophysical model of the study area is 

used to investigate the influence of larval vertical distribution and adult habitat configuration 

on larval transport and dispersal at a scale beyond which could be sampled by a field or 

experimental study. 

 

1.8 Hydrographic characterisation of the study area: the Firth of Lorn 

 

The west coast of Scotland is a region of convoluted geography, characterised by numerous 

islands and sea lochs, or fjiords. The predominant flow of coastal water is from south to north, 

transported by the Scottish Coastal Current from the Irish and Clyde Seas (Figure 1. 4) (Ellett 

and Edwards 1983, McKay et al. 1986), and influenced by the waters of the north-east 

Atlantic Ocean (Ellett 1979). Here, tidal flows are driven by the propagation of oceanic tides 

over the continental shelf (Officer 1976), while tidal currents and related mixing influences 

stratification of coastal waters (Ellett and Edwards 1983). This region is characterised by 

complex bathymetry, narrow straits, and an abundance of headlands and other topographic 

features. These features result in locally strong currents, turbulence and mixing, large eddies, 

flow separation, and diversions of currents (Ellett and Edwards 1983). This thesis focusses on 

the Firth of Lorn, a body of water bounded in the north by the island of Mull, and in the south 

by the islands of Islay and Jura (Figure 1. 5).  

 

While the oceanography of the basin remains relatively unknown, a number of important 

oceanographic features have been identified. Using radiocaesium tracers from the Sellafield 

nuclear plant, McKay and Baxter (1985) suggested that >85% of Irish Sea-derived water 

flowing through the North Channel flowed into the Firth of Lorn, diluted by well-mixed, 

saline waters of the North Atlantic Ocean. The relative flows of Irish Sea water and/or North 
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Atlantic water into the outer Firth of Lorn varies inter-annually, and is subject to the strength 

of wind forcing (McKay and Baxter 1985, Souza et al. 2001), and the strength of the outflow 

from the Irish Sea (Inall et al. 2009, Jones unpublished data). Additionally, the Firth of Lorn 

is connected to the Sound of Jura by several narrow straits, where a difference in tidal 

amplitudes between the two bodies of water induces extreme tidal flows such as the Great 

Race, which extends from the Gulf of Corryvreckan between the islands of Jura and Scarba 

(Ellett and Edwards 1983, Dale and Sherwin 2009). Finally, the Firth of Lorn is influenced by 

significant freshwater input from run-off over western Scotland, which tends to flow in an 

offshore direction, keeping the land on its right (Ellett and Edwards 1983). 

 

The early theoretical underpinnings of most marine connectivity research arose from a 

handful of studies carried out along relatively simple coastlines, such as southern California 

(Roughgarden et al. 1988, Possingham and Roughgarden 1990, Alexander and Roughgarden 

1996), where basic one and two dimensional numerical models could be easily applied to 

field observations. However, the existence of cross-shore flows, Eckman transport, upwelling 

systems and other hydrologic features means that larval transport and dispersal remain three 

dimensional problems, and become increasingly challenging to study in locations of 

increasingly complex geographic and hydrological nature (Gawarkiewicz et al. 2007), such as 

the Firth of Lorn. This is also an important study area in the context of marine renewable 

energy, as several projects of different types have been proposed for the region (Figure 1. 6). 

Two Scottish Offshore Wind Farm Sites have been designated by the Crown Estate, one to the 

south of Tiree, and one to the west of Islay, with further sites designated for tidal current 

energy development in the Sound of Islay between Islay and Jura, and to the southwest of 

Islay. Additionally, several coastal locations in the Firth of Lorn have been included as 

stations in larger-scale studies of environmental influences on coastal assemblages (e.g. 

Burrows et al. 2008, 2009), while significant effort is being expended towards producing a 

reliable 3-dimensional oceanographic model of the region (e.g. Adams et al. in press). 

Previous knowledge associated with coastal ecology combined with an abundance of high-

energy environments in the region make the Firth of Lorn a suitable location for investigating 

dispersal and connectivity processes in relation to the extraction of marine renewable energy. 
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Figure 1. 4: Map of western Scotland, including predominant current flow patterns (compiled from Ellett 

and Edwards 1983, Inall et al. 2009). The area of study is indicated by the grey dashed box. 
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Figure 1. 5: Map of the study area, bordered in the north by the island of Mull, and in the south by the 

islands Islay and Jura. Further south lies the Sound of Jura, while in the north-west corner of the region 

lie the islands of Tiree (a) and Coll (b). Other notable features include the Sound of Mull (c), the Lynn of 

Morvern (d), the island of Lismore (e), Loch Linnhe (f), the island of Scarba (g), and the Gulf of 

Corryvreckan (h). The Scottish Association for Marine Science laboratory at Dunstaffnage is located at 

the red dot.  
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Figure 1. 6: Map of planned marine renewable energy installations in the Firth of Lorn region, including 

proposed offshore wind (light blue polygons), wave (green ovals), and tidal current (orange ovals) energy 

sites. Dark blue polygons indicate Special Areas of Conservation (SACs), while magenta stripes indicate 

Scottish National Scenic Areas. Modified from Harrald and Davies (2010) 

 

  



Chapter 1: General Introduction 
 

23 
 

1.9 Thesis outline 

 

The remainder of this thesis is composed of five chapters. By describing two large-scale field 

survey campaigns, the next chapter (Chapter 2) provides an insight into the distribution of 

five species of cirripede larvae in relation to known mesocale features in the Firth of Lorn in 

2009 and 2010. Chapter 3, meanwhile, aims to assess differences in vertical distributions 

between the larvae of the same five species of cirripedes, and across six naupliar stages of 

development (NII to cyprid). In Chapter 4 an experimental approach is used to assess 

ontogenetic changes in the sinking rates and mass densities of cirripede larvae as a 

mechanism influencing larval vertical distributions. Chapter 5 describes a coupled biological-

hydrodynamic model of larval transport in the Firth of Lorn, which is then used to assess the 

role of larval vertical positioning and adult habitat configuration in cirripede larval dispersal 

patterns. An overall discussion of the findings as applied to marine renewable energy 

installations is presented in Chapter 6.  

 

A summary of these chapters is given below:  

 

Chapter 2 

This chapter describes the distribution of cirripede larvae across the Firth of Lorn region 

during the spring spawning periods of 2009 and 2010. This serves as an important baseline for 

the remainder of the studies in this thesis, as much of the previously published data from 

plankton and oceanographic surveys have focussed on either the larger-scale offshore region 

of the continental shelf edge (e.g. Ellett 1979, Ellett and Edwards 1983, McKay et al. 1986, 

Richard 1992), or on the very small-scales of sea lochs (e.g. Barnes 1956, Jones et al. 1984, 

Turrell 1990). These surveys provided greater resolution of data concerning barnacle larval 

distributions in the area and the physical water column characteristics of the region at this 

time of year. Given the moderate larval dispersal durations of intertidal barnacles, it was 

expected that earlier stage nauplii of all species would be found closer to their natal habitat, 

while later stage nauplii would be found more widely across the survey area. Distributions 

were also expected to correspond to flow features and water column characteristics associated 

with the ideal habitat of each species. For example, the larvae of ‘offshore’-type species were 

expected to be observed in more saline water conditions, while the larvae of ‘inshore’ species 

might be associated with colder, less saline water. Finally, inter-annual differences in 

horizontal distributions were expected in response to differences in meterological conditions 

and water column characterisitcs (e.g. temperature, salinity) between the two years. Results 
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from this survey were used to develop the hypotheses around larval vertical distributions 

examined in Chapters 3 and 4, while the horizontal distributions of larvae were used to 

evaluate the skill of the biophysical model described in Chapter 5. 

 

Chapter 3 

As described in section 1.4, significant uncertainty exists around the vertical distribution 

patterns of many invertebrate mesozooplankton, including barnacles. This chapter aims to 

clarify the vertical distributions of the larvae of spring breeding barnacles in the Firth of Lorn 

across all larval stages. It was expected that vertical distributions would differ between 

species, but that species with similar habitat types (e.g. intertidal) would have more similar 

vertical distributions. Given the need for early stage nauplii and cyprids to escape or re-enter 

the benthic boundary layer (De Wolf 1973, Jonsson et al. 2004), it was also expected that 

larvae of different ontogenetic stages would have different vertical distributions to facilitate 

transport at each stage. This study was important because inter-specific differences in the 

vertical positioning of larvae may be a causative mechanism of the differences in horizontal 

distributions observed in Chapter 2. The same can be said for any ontogenetic or naupliar 

stage-related differences in these distributions. Additionally, these vertical distributions were 

used to parameterize the biological component of the model described in Chapter 5 with a 

degree of realistic larval behaviour. 

 

Chapter 4 

It has been suggested that changes in in the mass density of fish and invertebrate larvae across 

the dispersal period may result in altered vertical distributions across differing life stages 

(Coombs et al. 1985, Conway et al. 1997, Knutsen et al. 2001). In this chapter, two species of 

barnacles, Austrominius modestus and Semibalanus balanoides, were reared in laboratory 

conditions. Changes in mass density of the larvae of each species were calculated over the 

larval life phase from measured larval sinking velocities and body volumes. It was expected 

that mass densities would not remain constant across all naupliar stages, and that they would 

differ between species as a result of drag from changing body shapes and sizes, as well as 

differences in lipid stores and food consumption. This was important because mass density 

could be a mechanism by which barnacle larvae are better able to regulate their vertical 

positioning in addition to upwards swimming behaviour, which in some cases may be 

energetically costly. Determination of larval mass densities may also enable realistic 

parameterisations of biophysical models where neutrally buoyant particles representing 
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barnacles are able to track particular water mass layers on the basis of density, though this 

was not possible in the model presented in Chapter 5. 

 

Chapter 5 

In this chapter particle-tracking routines are developed to model barnacle larval dispersal in 

the Firth of Lorn in conjunction with hydrodynamic outputs from an FVCOM model (Finite 

Volume Coastal Ocean Model, Chen et al. 2003) parameterisation of the same area. This 

three-dimensional model implements the vertical distributions of larvae obtained in Chapter 3 

in realistic dispersal routines for three species of barnacles with differing habitat preferences: 

Chirona hameri (deep subtidal, > 20 m depth), Balanus crenatus (shallow subtidal, 0 m – 20 

m depth), and Semibalanus balanoides (intertidal). Modelling studies of larval dispersal have 

previously suggested that adult habitat configuration is an important determinant of 

population connectivity (Edwards et al. 2007), but also that larval behaviour is significant 

(Fox et al. 2006). The model presented in this chapter was used to determine the influence of 

adult habitat type and depth of larval release on the dispersal patterns of each species of 

barnacle. Furthermore, within each species, the dispersal patterns of particles allowed to 

disperse with realistic vertical distributions were compared with the two extremes: particles 

transported only at the sea surface, and only at the sea bed. It was expected that both adult 

habitat type and larval vertical positioning would have a substantial influence on the resulting 

larval dispersal patterns, but that vertical positioning would be the more important of the two, 

given the well-mixed nature of many parts of the study region (Ellett and Edwards 1983). 

Modelling work of this type is important because it provides an opportunity to test hypotheses 

and identify mechanisms that could influence larval transport, which would be otherwise 

impossible due to the resource-intensive nature of high-resolution field studies of larval 

dispersal.  

 

Chapter 6 

The overall results and findings from the above chapters are synthesized and discussed in the 

context of marine renewable energy development in Scotland. The potential for species range 

changes with increasing installation of man-made coastal infrastructure is assessed in light of 

the outcomes of the previous chapters. The findings presented here are also applied to the 

development of spatially coherent, well-connected network of marine protected areas in 

Scotland, which is a current national policy objective (Defra 2012). 
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2. Horizontal distribution of spring-breeding cirripede larval assemblages 

in the Firth of Lorn 

 

2.1 Introduction 

 

Few studies of dispersal and population connectivity have been conducted on the west coast 

of Scotland, and in particular in the Firth of Lorn, because of the complex coastline 

morphology and poorly understood oceanography. However, as oceanographic sampling 

technologies, modelling techniques and computing power have improved, flow regimes can 

be resolved more accurately by well-validated hydrodynamic models, and at smaller scales, 

enabling the study of more intricate coastal regions.  

 

The Firth of Lorn is both geographically and hydrologically complex, and the physical 

oceanography of the basin is poorly understood (Dale and Sherwin 2009). Irish and Clyde 

seawater from the coastal current flowing northwards from the North Channel may be carried 

into the western approaches of the Firth of Lorn in deeper areas, particularly the northern 

passage between Colonsay and Mull (McKinley et al. 1981, Ellett and Edwards 1983). 

Fluctuations in the degree of ingress of Irish Sea Water into the Firth of Lorn may influence 

inshore water characteristics in this region (Grantham 1983a), which may, in turn, influence 

patterns of larval transport (Pineda et al. 2007).  

 

The Firth of Lorn has previously been described as a fjordic system comprised of several 

basins, bounded by sills restricting inflow of deep, saline water, causing successive decreases 

in salinity levels from the mouth to the head of the Firth, where significant rainwater runoff 

creates a surface layer of brackish water (Ellett and Edwards 1983, Grantham 1983b). The 

topography of the south-western end of the Firth of Lorn lends more to an estuarine system, 

with a “salt wedge” in its outer reaches (Grantham 1983b). There are a number of well-known 

oceanographic features in the Firth of Lorn, including extreme tidal flows through the Gulf of 

Corryvreckan and other narrow straits (Figure 1.5, Ellett and Edwards 1983, Dale and 

Sherwin 2009). This region can be divided into three sections: an outer, seasonally stratified 

section to the west of Colonsay influenced by water of Irish Sea and Atlantic origin, a well-

mixed middle section between Colonsay and the southwestern point of Lismore resulting 

from strong tidal mixing (Ellett and Edwards 1983), and an inner, more stratified section in 

the very upper north-eastern region, significantly influenced by rainwater runoff (Grantham et 



Chapter 2: Horizontal distribution of cirripede larvae 
 

27 
 

al. 1983). The varying hydrographic conditions in each of these areas influence the associated 

nutrient, phytoplankton and zooplankton assemblages (Grantham 1983a). 

 

Predicting the patterns of larval dispersal for species which may colonise offshore marine 

renewable energy devices (MREDs) will be a greater challenge in this region than in areas of 

simple, straight coastlines common to many previously published studies of dispersal and 

population connectivity (e.g. Shanks 1986a, Alexander and Roughgarden 1996, Pfeiffer-

Herbert et al. 2007, Mitarai et al. 2009). The complex coastline of the Firth of Lorn region 

may mean that many of the mechanisms which have been suggested to affect larval transport 

may be interacting to influence larval distribution patterns. While sampling at temporal and 

geographical scales relevant to dispersal is important, oceanographic features influencing 

dispersal can span substantial time frames and encompass spatial scales from the individual 

larvae themselves, through to mesoscale oceanographic features and residual flows (Levin 

2006, Pineda et al. 2009). In areas where influences on larval transport are not yet resolved at 

finer scales, departures from dispersal patterns predicted by mesoscale features may reflect 

the influence of smaller-scale physical processes or larval behaviour.  

 

With the increasing popularity of biophysical modelling as a tool to elucidate patterns in 

larval transport and dispersal, it remains important that complementary field studies are 

carried out to guide model progression in an iterative fashion. Pineda et al. (2007) cited “field 

observations of larval dispersal” as a significant research need, in order that models are 

consistently improved on the basis of increasing in-situ observations of larval distributions, 

transport, dispersal, and settlement. A mismatch between biophysical model output and field 

observations may signify inaccuracies in the model, the need for parameterisation of larval 

behaviour, or refined field sampling of a more appropriate temporal or geographical scale 

(Pepin et al. 2003, Alandsvik et al. 2009). 

 

In this chapter, the distributions of five species of cirripede larvae are investigated within the 

Firth of Lorn. While the rocky shores characteristic of this region provide habitat for intertidal 

species, availability of hard habitat suitable for subtidal sessile cirripedes is patchier (Figure 

2.1). In low-energy environments, the addition of marine renewable energy infrastructure (e.g. 

wind turbines) may add new hard habitat in soft-bottomed areas which were previously 

unsuitable for colonisation, though larvae in the vicinity of such new habitat must be at a 

competent stage to settle in order that new populations develop. In other words, the supply of 

larvae to new habitat may not immediately correspond to settlement and colonisation (Pineda 



Chapter 2: Horizontal distribution of cirripede larvae 
 

28 
 

et al. 2010). In high-energy areas, on the other hand, the natural benthic environment is likely 

to be comprised of hard substrate, e.g. exposed rock, so the addition of wave or tidal energy 

devices may simply represent an increase of suitable habitat in areas already colonised by 

hard-substrate organisms.  

 

 
Figure 2.1: Areas of circalittoral, infralittoral, and deep infralittoral rocky seabed habitat across the 

study region. Green – circalittoral habitat, light blue – shallow infralittoral habitat, dark blue – deep 

infralittoral habitat. Modified from JNCC UKSeaMap 2010 (Joint Nature Conservation Committee 

2010). 

 

This survey provides an insight into the instantaneous distribution of cirripede larvae in 

relation to known mesoscale features across two years, 2009 and 2010. Suggestions are made 

regarding the potential drivers of larval transport and dispersal in this region at multiple 
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scales, based on survey results. These are then used to generate mechanistic hypotheses about 

the nature of barnacle larval dispersal in the Firth of Lorn, and in relation to potential sites of 

marine renewable energy development. 

 

2.2 Methods 

 

2.2.1 Zooplankton surveys of the Firth of Lorn, March 2009 and April 2010 

 

Between March 9th and 20th, 2009, a zooplankton survey of the Firth of Lorn was carried out 

by Dr. Clive Fox and colleagues, targeting ichthyoplankton. Of the 53 stations sampled, 23 

fell within the area of interest for this thesis, and were selected for further analysis of cirripede 

larvae as part of this work (Figure 2. 2). Samples were obtained by oblique tows using a Gulf 

VII plankton sampler equipped with a 270 µm mesh net and a 40 cm diameter nose cone 

opening. Volumes sampled were estimated using previously developed equations from 

calibrations carried out in flumes (Brander et al. 1993). Samples were preserved in 4% 

formalin solution and archived in the specimen storage facility at the Scottish Association for 

Marine Science for later analysis.  

 

A focussed survey targeting cirripede larvae was carried out from the 6th to the 11th April 

2010. Of the 39 stations sampled, as many as possible repeated stations sampled in 2009. New 

stations included several in the Sound of Jura, and two repeated offshore transects to the west 

of Colonsay (Figure 2. 2). In this survey, vertically integrated zooplankton samples were 

obtained through the top 50 m of the water column using an 80 µm mesh ring net with a 0.5 m 

diameter opening. Where water depth was not sufficient (< 50 m), the water column was 

sampled to within 5 m of the seabed. The net was deployed three times at each station, and the 

net contents of the three deployments were combined into one sample. A General Oceanics 

mechanical non-reversing flowmeter was mounted at the centre of the net opening, and 

volumes sampled were estimated from the flowmeter counts at each station, scaled by the 

manufacturer’s conversion factor, and multiplied by the area of the net opening. All 

zooplankton samples were preserved in 4% formalin solution.  
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Figure 2. 2: Map of sampled stations, March 9-20 2009 and April 6-11 2010. The Dunstaffnage weather station is indicated by a blue star on both maps. 

2009 2010 
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In both years, position and average depth were recorded at each station based on the ship’s 

GPS and echo-sounder. A Valeport Midas 500+ CTD (conductivity, temperature, depth) was 

deployed to measure water column characteristics. In 2009, the CTD was fixed to the Gulf 

VII sampler during oblique tows, while in 2010 the CTD was deployed vertically at each 

station to within 5 m of the seabed, or to a maximum of 200 m.  

 

In 2010, three 500 mL samples of surface water were passed through GF/F filter papers and 

frozen for later analysis of sea surface chlorophyll a concentrations at each station using the 

techniques outlined in Holm-Hansen et al. (1965). Sea surface chlorophyll concentration was 

included as an environmental variable in further analysis as described in the following two 

sections. 

 

2.2.2 Environmental Characterisation 

 

Vertical seawater density profiles were calculated for each station using the CSIRO seawater 

routines toolkit (Morgan 1994) for MATLAB (The MathWorks Inc. 2009), and a stratification 

index Ŝ was calculated using the following equation (Fortier and Leggett 1982, Ayata et al. 

2011): 

 

Ŝ 
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which integrates the mean of the density differences along the water column. n is the number 

of pairs of adjacent measurements, with a fixed depth interval, ∆zi, of 1 m. ∆σti represents the 

difference in water density between the ith pair of measurements. Thermocline, halocline, and 

pycnocline depths were calculated using the two-box method of Planque et al. (2006), as 

described in Ayata et al. (2011).  

 

Hourly wind speed data from the Dunstaffnage weather station (Figure 2. 2) was obtained for 

each sampling period from the UK Met Office Integrated Data Archive System (MIDAS, UK 

Meterological Office 2012), including two days of additional data before and after each 

cruise. 
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Environmental variables were spatially visualised using Ocean Data View software (Schlitzer 

2012). Isosurfaces of the Firth of Lorn region and a transect stretching from the outer Firth of 

Lorn (west of the island of Colonsay) to the inner Firth of Lorn (bounded by the island of 

Lismore in the north-east) were plotted.  

 

Several environmental variables were found to be strongly correlated, so a reduced group 

were chosen for further multivariate analysis (in tandem with zooplankton data) to decrease 

covariance within predictor variables. Correlation coefficients were initially used to indicate 

strongly co-linear variables for variable reduction (correlation coefficient > 0.8), while 

variance inflation factors (VIFs) calculated using the AED package in R software (R 

Development Core Team 2011) were used to identify further linear relationships between 

environmental variables (Appendix 2). Variables with VIF > 3 were sequentially omitted, and 

the remaining environmental variables included bottom temperature, stratification index, and 

water column depth in 2009, and sea surface temperature, sea surface salinity, mean water 

column temperature, thermocline depth, halocline depth, and water column depth in 2010. 

 

Prior to multivariate analysis, the selected environmental variables were standardized to a 

mean of zero and standard deviation of 1, which gives all variables with varying scales of 

measurement similar ‘importance’. This avoids some variables being more strongly weighted, 

and so more influential, than others in multivariate analysis (Ludwig and Reynolds 1988).  

 

2.2.3 Analysis of larval abundance 

 

For laboratory analysis all zooplankton samples were made up to 250 mL volume and agitated 

in a figure-eight pattern before subsampling with a Stempel pipette (Frolander 1968, van 

Guelpen et al. 1982). In each subsample, barnacle nauplii of five species were enumerated and 

identified to naupliar stage and species level under a stereo microscope using taxonomic keys 

(Burrows 1988, Ross et al. 2003). Species identified included the intertidal species 

Semibalanus balanoides, and the sublittoral species Balanus balanus, Balanus crenatus, 

Chirona hameri and Verruca stroemia (Appendix 1). Identification of cyprid larvae to species 

level presents greater difficulty, so individuals were enumerated and total length was 

measured. Lengths were used to generate density kernels for each year, with peaks expected 

at literature values for cyprid lengths of particular species (Table 2. 1). 
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8-10 mL subsamples were analysed for 2010 stations 37, 38, and 39 to explore variations 

between subsamples. Given the time involved in sample analysis, 2-25 mL subsamples were 

examined for the remainder of stations, depending on the density of larvae within the sample, 

such that at least 100 individuals of the most abundant species were recorded. 

 

2.2.4 Multivariate analysis of cirripede naupliar abundance in the context of spatial and 

environmental gradients  

 

Canonical correspondence analysis (CCA) was performed on the observed larval abundances 

and selected environmental variables from each year, using the vegan package in R (R 

Development Core Team 2011). This technique partitions variance in abundances into 

environmental and spatial components, as a weighted form of redundancy analysis (Legendre 

and Legendre 1998). By using CCA, multivariate analysis is not skewed by rare species, as 

the relative contribution of each species to a contingency table chi-square statistic, rather than 

total species abundances are used to generate dissimilarity matrices (ter Braak and 

Verdonschot 1995). This also avoids the “arch” effect, where the concurrent absence of a 

species increases the similarity between sites or stations (Legendre and Legendre 1998, Quinn 

and Keough 2002). The R CCA algorithm is based on that of Legendre & Legendre (1998), 

where a Chi-square-transformed data matrix is subjected to weighted linear regression on the 

chosen constraining variables (the environmental variables, as described above). Fitted values 

are then submitted to correspondence analysis, performed using singular value decomposition. 

It is worth noting that CCA does not display all variation in the data, but only the part 

explained by the selected constraining variables (Quinn and Keough 2002).  
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Table 2. 1: Cyprid size classifications and sources 

 

Species Total Length (mm) Width (mm) Source 

Semibalanus 

balanoides 

0.98-1.06 

1.01-1.05 

0.94 

 

0.44-0.54 

Pyefinch (1948a) 

Crisp (1962b) 

Bassindale (1936) 

Balanus crenatus 0.72 

0.86–0.95 

 Pyefinch (1948a) 

Barnes (1953) 

Chirona hameri 1.45 0.65 Crisp (1962a) 

Verruca stroemia 0.48 

0.53 

 Pyefinch (1948a) 

Bassindale (1936) 

Balanus balanus 1.07 

0.81 

0.46 Crisp (1962b) 

Barnes & Costlow (1961) 
 

 

2.3 Results 

 

2.3.1 Environmental characterisation of the Firth of Lorn 

 

CTD casts from the 2009 and 2010 stations demonstrated spatial similarity in water column 

characteristics across the two years, though certain differences between the two surveys were 

apparent.  

 

Waters were generally cooler and less saline moving from the mouth of the Firth of Lorn, in 

the south-west, to the inner reaches, in the north-east. In both years, highest sea surface 

temperatures were found at stations to the west of Colonsay (Figure 2. 3, Figure 2. 4), though 

slightly further east in 2010. In both years, less saline water was detected at the surface of the 

eastern end of the Firth of Lorn, indicative of the significant freshwater run-off in this region 

originating from the Scottish Highlands. Stations to the west of the island of Colonsay, on the 

other hand, tended to be more saline, as would be expected from the influence of oceanic 

waters from the Irish Sea and the western continental shelf. This was particularly evident in 

2009 (Figure 2. 3, Figure 2. 4). 

 

The water column properties of the outer region of the Firth of Lorn, however, differed 

between 2009 and 2010. No stations on the 2009 cruise were significantly stratified 
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(stratification index > 0.1, Fortier and Leggett 1982), though 10 stations in 2010 demonstrated 

stratification, mostly to the west of Colonsay. While both years’ CTD profiles in this region 

showed increasing water column salinity with increasing depth, only stations in 2009 were 

characterised by warmer water near the seabed than at the surface, giving temperature profiles 

a distinctive ‘c’ shape (Figure 2. 5). This also precluded calculations of cline depths for 2009, 

as the two-box model used by Planque et al. (2006) was not appropriate in these instances. In 

2010, surface waters to the west of Colonsay were warmer than water at depth, and generally 

cooler than in 2009 (Figure 2. 4, Figure 2. 5).  
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A) 2009 

 

B)                                2010 

 

C)                                2009 

 

D)                                2010 

 
Figure 2. 3: Sea surface temperature, °C, and salinity, psu for 2009 and 2010 surveys. (A),(B) – sea surface temperature, (C),(D) – sea surface salinity. Black dots 

indicate stations sampled. Ocean Data View software (Schlitzer 2012). 



Chapter 2: Horizontal distribution of cirripede larvae 
 

37 
 

 

Figure 2. 4: Temperature – salinity plot of CTD profiles (1 m bin averaged) from 2009 and 2010 surveys, with solid curves representing potential density surfaces. Salinities 

suggest that the majority of stations in the Firth of Lorn had water properties associated with water of Irish Sea Origin, despite lower temperatures in 2010. The influence of 

freshwater runoff can be seen at stations in the innermost Firth of Lorn (north of 56.33 N) in the form of reduced salinities. Salinities and temperatures increase as stations 

progress from inshore to offshore, with the signatures of the most offshore stations in 2009 showing the greater influence of North Atlantic Water in that year. Signatures of Irish 

Sea Water and North Atlantic Water from Holliday et al. (2000), and Bowden (1980). 
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The predominant winds during the 2009 and 2010 cruises differed in both direction and 

intensity. In 2009, when sea surface properties transitioned smoothly from the outer to inner 

Firth of Lorn, winds predominantly came from the south, and reached speeds of 20-24 mph 

(Figure 2. 6). In 2010, on the other hand, sea surface properties showed a greater degree of 

patchiness and the predominant wind direction was from the south-west along the main axis 

of the Firth of Lorn. The strongest winds during this cruise were < 20 mph (Figure 2. 6).  

 

 

 

A) 

C) 

B) 

 

Figure 2. 5: Temperature profiles for selected stations sampled in 2009 (A) and 2010 (B). Locations of 

selected stations shown in (C). Temperature profiles in 2009 show a more pronounced ‘c’ shape moving 

westwards across the region.  
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Figure 2. 6: Hourly wind speeds (mph) at Dunstaffnage compiled for 2009 (A) and 2010 (B) cruises, from 

UKMO MIDAS data (UK Meterological Office 2012) 

 

 

2.3.2 Spatial distribution of barnacle larvae across the Firth of Lorn 

 

In 2009, the average volume of water sampled at each station by the Gulf VII sampler was 

228.5 m3 (std: 52.7 m3), while in 2010 the average volume of water sampled at each station 

was 17.0 m3 (std: 6.5 m3). 

 

Of the five species identified, V. stroemia and B. crenatus were the most abundant in both 

years, though overall larval abundances were an order of magnitude greater in 2010 than in 

2009 (Figure 2. 7). B. crenatus had the greatest abundance in 2009 while V. stroemia was 

more abundant in 2010. Abundances of naupliar stages within species also varied between 

years. In 2009, species with the potential to inhabit the deepest waters (C. hameri and V. 

stroemia) had relatively more individuals of earlier larval stages (NII - NIV), while the 

remainder had relatively more individuals at later stages (NIV - NVI). However, in 2010 the 

opposite pattern was observed, with the majority of C. hameri and V. stroemia individuals in 

later naupliar stages, while B. crenatus, B. balanus, and S. balanoides had many more NII and 

NIII individuals, relative to other stages (Figure 2. 7).  

 

 

 

 

A)  2009 B)  2010 
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A)                                                          2009

 

B)                                                          2010

 
 

Figure 2. 7: Average abundance of barnacle nauplii across all stations in 2009 (A) and 2010 (B) surveys, 

by species and naupliar stage (NII-NIV). Species include Chirona hameri (CH), Verruca stroemia (VS), 

Balanus crenatus (BC), Balanus balanus (BB), and Semibalanus balanoides (SB). Error bars represent 

standard error of the mean. Note that the y-axis scale differs between plots by an order of magnitude. 

 

The abundance of nauplii and cyprids varied geographically, and between years across the 

Firth of Lorn (Figure 2. 8). In 2009, when the wind direction was predominantly southerly 
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stations with higher overall abundance of barnacle nauplii were found in the outer parts of the 

Firth of Lorn, with barnacle abundances decreasing gradually to the inner Firth of Lorn. In 

2010, when the predominant wind direction was south-westerly, the abundance of barnacle 

larvae was much more evenly spread throughout the sampling area, though ‘offshore’ stations 

still tended to have the greatest abundances of larvae. 

 

 

2009 2010 

 

 

Figure 2. 8: Total abundance of barnacle larvae sampled in 2009 (left) and 2010 (right) surveys. Bubble 

area is proportional to log10(x+1) transformed abundance. 

 

 

Within naupliar stages summated across species, both years showed a trend for increasing 

abundance of later stage larvae moving from the inner Firth of Lorn to the outer. In 2009, NII 

larvae are fairly well distributed across the sampling region, with greater abundances at 

station 52 and along the southern coast of the Firth of Lorn. With each stage, observed larval 

abundances increased in the offshore direction, with very few NV and NVI larvae being 

found at north-eastern stations (Figure 2. 9). Cyprids, however, were found in larger 

abundances at the most westerly stations, but greater proportions were also found in the 

middle part of the Firth of Lorn (Figure 2. 9).  
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In 2010, very few NII nauplii were found to the west of Colonsay, though a greater proportion 

was observed at stations 23/31 and 24/32. Meanwhile, NIII-NV larvae were much more 

evenly distributed across the sampling area, with very little discernible onshore-offshore trend 

(Figure 2. 10). As in 2009, NVI larvae were found in highest abundances at stations west of 

Colonsay, made up mostly of V. stroemia and C. hameri. Very few cyprids were observed at 

stations to the east of Colonsay in 2010 (Figure 2. 10). 

 

While detailed plots of individual species distributions by naupliar stage can be found in 

Appendix 3, these are summarised for both years below: 

 

Chirona hameri  

Adult C. hameri are commonly found on rocky habitat at depths of 20 m to 200 m, and have 

been occasionally reported at deeper depths (Appendix 1). C. hameri larvae comprised 3.6% 

of observed barnacle nauplii in 2009 and 4.5 % of nauplii in 2010. Uniquely found at stations 

to the west of Colonsay in 2009, greater abundances were found in the central part of the Firth 

of Lorn in 2010. Of these, most were at stations in the northern half of the body of water. 

While all NII larvae were recorded east of the island of Colonsay in 2010, very few NVI 

larvae were found in these locations, despite the order of magnitude difference in abundance 

C. hameri early stage and late stage larvae (Figure 2. 7). 

 

Balanus balanus 

Adults of B. balanus are sublittoral, found at all depths down to 60 m (Appendix 1). B. 

balanus comprised 3.0% of observed barnacle nauplii in 2009, and 4.9% in 2010. This species 

was fairly evenly distributed across the Firth of Lorn at all naupliar stages, though in 2009 no 

NII or NIII nauplii were recorded to the west of Colonsay.  

 

Balanus crenatus 

Adults of B. crenatus are commonly found on the lower shore, through to shallow sublittoral 

depths (Appendix 1). B. crenatus was the most abundant barnacle species in 2009 (53.6% of 

nauplii), and only second in abundance to V. stroemia in 2010 (25.1% of nauplii). This 

species was found at all stations across the Firth of Lorn (Figure 2. 9), and in both years high 

numbers of NII and NIII larvae were observed at stations in the channel to the south of 

Colonsay (stations 43-45 in 2009, stations 23/31 and 24/32 in 2010). The distribution of NIV 

to NVI larvae, however, differs between years. In 2009, later stage larvae seem to increase in 
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abundance in a westerly direction with increasing naupliar stage, while the distribution of 

NIV to NVI larvae in 2010 is much more even across the Firth of Lorn.  

 

Verruca stroemia 

V. stroemia adult populations have the broadest depth range of species examined in this 

thesis, ranging from extreme low water to 500 m (Appendix 1). As the most abundant 

barnacle species recorded in 2010, V. stroemia made up 62.6% of all nauplii sampled. V. 

stroemia was also highly abundant in 2009, making up 33.7% of nauplii sampled. In both 

2009 and 2010, NII and NIII larvae were broadly distributed, as were NIV and NV larvae in 

2010. However, NIV-NV V. stroemia larvae were found almost uniquely at stations to the 

west of Colonsay in 2009, while high abundances were found in all regions of the Firth of 

Lorn in 2010. In both years, NVI larvae were found in highest abundances at stations to the 

west of Colonsay. 

 

Semibalanus balanoides 

Adult S. balanoides populations inhabit a wide variety of intertidal hard substrates (Appendix 

1). S. balanoides was observed at low abundances in both years surveyed, comprising 6.1% 

and 2.8% of barnacle nauplii sampled in 2009 and 2010, respectively. In 2009, nauplii of all 

stages were found in most regions of the Firth of Lorn, though stations west of Colonsay 

tended to have higher abundances of NV and NVI larvae. NVI larvae, in particular, increased 

in abundance moving from the inner to the outer Firth of Lorn in 2009. The distribution of S. 

balanoides in 2010 was much patchier, and the low overall abundance of this species makes it 

difficult to report any spatial trends. 

 

Cyprids 

In both 2009 and 2010, cyprids were found in greater abundances at stations to the west of 

Colonsay, than to the north and east, with the lowest abundances found at stations close to the 

Sound of Mull and Lismore, in the north-east (Figure 2. 9, Figure 2. 10). Cyprids made up a 

much larger proportion of all barnacle larvae processed in 2010 than in 2009 (15.7% in 2010, 

vs. 0.7% in 2009).  

 

The observed cyprids have different length distributions in each year (Komogorov-Smirnov 

test, p < 2.2 x 10-16). The mean length of cyprids was greater in 2009 (0.88 mm) than in 2010 

(0.69 mm), while the range of cyprid lengths was broader in 2010 than in 2009 (Figure 2. 11). 
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B. balanus and B. crenatus are likely to make up the majority of cyprids in 2009, given that 

their overlapping size distributions coincide with the probability density function distribution.  

 

S. balanoides may also make up a proportion of observed cyprids. The density function peak 

in cyprid lengths in 2010 coincides, in part, with the predicted size range of V. stroemia 

cyprids, so this species is likely to make up a large part of the observed cyprids in 2010, along 

with B. crenatus. Using literature values for cyprid size, S. balanoides and B. balanus appear 

to make up a smaller part of the cyprid population in 2010, while no cyprids fell within 

literature values for C. hameri cyprids in either year. In 2010 in particular, many cyprids fell 

outside the length ranges previously recorded for any species, and so could not be identified 

with confidence. 

 



Chapter 2: Horizontal distribution of cirripede larvae 
 

45 
 

 
Figure 2. 9: Summed abundance of all species of barnacle nauplii and cyprids across the Firth of Lorn, March 9-20, 2009. Bubble area is proportional to log10(x+1) 

transformed abundance (no m
-3

). 
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Figure 2. 10: Summed abundance of all species of barnacle nauplii and cyprids across the Firth of Lorn, April 6-11, 2010. Bubble area is proportional to log10(x+1) 

transformed abundance (no m
-3

). 
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    2009     2010 

Figure 2. 11: Density kernel for overall cyprid length distributions in 2009 (all left panels, n=45) and 2010 

(all right panels, n=623), with superimposed literature ranges for cyprid lengths of different species in 

each individual panel (as cited in methods). X axis scales differ between years, reflecting a narrower size 

distribution in 2009. C. hameri has been omitted as no cyprids were recorded within the size range of this 

species.  
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2.3.3 Multivariate analysis of barnacle larval abundances and environmental 

characteristics 

 

In both 2009 and 2010 CCA gave good representations of fitted abundance values, weighted 

average abundance values, and class totals (96% of variance in 2009 and 78% of variance in 

2010), but species ordinations differed between years. 

 

In 2009, sea surface salinity and water column bottom temperature had the strongest 

association with species composition. Positive values of the first CCA axis are strongly 

correlated to increasing values of these variables, and are associated with the later naupliar 

stages of all species. In particular, NVI larvae of all recorded species and cyprids are all found 

on the right-hand side of the associated CCA biplot (Figure 2. 12). NIV – NVI V. stroemia are 

also positively associated with this axis, as are all stages of C. hameri. Stations located in the 

offshore region of the Firth of Lorn, to the west of Colonsay (stations 38-41) are also 

positively associated with this axis, which is reflective of the high surface salinities and ‘c’ 

shaped temperature profiles described above and in Figure 2. 5. Meanwhile, S. balanoides, B. 

crenatus, and B. balanus larvae are generally associated with lower surface salinities and 

water column bottom temperatures, and so found in the left-hand quadrants of the biplot in 

Figure 2. 12.  

 

The second CCA axis (Figure 2. 12) is also associated with surface salinity (positive CCA2) 

and water column bottom temperature (negative CCA2), as well as with increasing depth 

(negative CCA2). While this axis is of less importance than CCA1, C. hameri nauplii appear 

to have a strong association with CCA2 as they progress through the naupliar stages. While 

NII and NIII are positively correlated with this axis, and so shallower depths, greater 

salinities, and lower bottom temperatures, NIV to NVI nauplii are progressively more 

associated with deeper waters and warmer bottom temperatures. Stations 40 and 42 have 

similar associations with CCA2 as NII and NIII larvae; these stations are found in an area of 

shallower rocky habitat (depth ≤ 50 m), while stations 38, 39, and 41 sampled much deeper 

waters (depth > 50 m). B. crenatus nauplii are also associated with gradients represented by 

CCA2, but score negatively on CCA1 (with the exception of NVI). The scores for this, and 

the remainder of species, however, also become progressively more positive with respect to 

CCA1 with increasing naupliar stage. Hence, the later stage nauplii of most species tend to be 
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associated with comparatively warmer and more saline water. Cyprids score nearly at the 

centroid of CCA1 and CCA2, reflecting their presence at most stations across the study area. 

 

Thermocline and halocline depths were included environmental variables in CCA of the 2010 

data, as salinity and temperature profiles in this year were suitable for application of the two 

box model outlined in Planque et al. (2006). Mean water column salinity and sea surface 

temperature were strongly positively correlated with CCA1, while the concentration of 

chlorophyll a was negatively correlated with CCA1. Unlike in 2009, no species were uniquely 

associated with positive or negative values of this axis, though both C. hameri and V. 

stroemia scored more positively on this axis as they progressed through the naupliar stages 

(Figure 2. 13). The presence of cyprids is also positively associated with this axis. All stations 

with positive CCA1 scores, with the exception of station 6, are located to the west of 

Colonsay, and as in 2009, are most strongly associated with increasing temperatures and 

salinities (sea surface temperatures in particular, Figure 2. 13).  

 

While CCA2 is most strongly associated with the depth of the halocline in 2010, and less so 

with surface salinity, very little pattern emerges in terms of species/stage abundances with 

respect to these gradients. With the exception of NIII, CCA2 scores for C. hameri nauplii are 

positive, but the remainder of species are evenly distributed across the centroid of this axis. 

Similarly, stations in the outer Firth of Lorn are also evenly distributed on this axis, though 

stations in the middle portion of this area score in the top left quadrant of the CCA biplot 

(Figure 2. 13), associated with greater thermocline depths, which may be a function of the on 

average deeper water column sampled at these locations. 
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Figure 2. 12: Symmetrically scaled biplots based on canonical correspondence analysis of barnacle larval 

abundance in 2009, displaying 52% of the inertia (=weighted variance) in the abundances and 96% of 

variance in the weighted averages and class totals of species/stages with respect to the environmental 

variables. The eigenvalues of axis 1 (horizontal) and axis 2 (vertical) are 0.29 and 0.09, respectively. In 

(A), individual species and stages of nauplii are displayed with vector arrows representing environmental 

constraints: water column depth (depth), sea surface salinity (surf-sal), and water column bottom 

temperature (bottom_temp). Species names are abbreviated as: CH (C. hameri), BB (B. balanus), BC (B. 

crenatus), VS (V. stroemia), SB (S. balanoides), CYP (cyprids), while larval stages are identified by 

number. In (B) stations are represented by number. Station 45 is not displayed as it is positioned beyond 

the limits of the plot in the top left quadrant. 

A) 

B) 
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Figure 2. 13: Symmetrically scaled biplots based on canonical correspondence analysis of barnacle larval 

abundance in 2010, displaying 33% of the inertia (=weighted variance) in the abundances and 78% of 

variance in the weighted averages and class totals of species/stages with respect to the environmental 

variables. The eigenvalues of axis 1(horizontal) and axis 2 (vertical) are 0.22 and 0.06, respectively. The 

eigenvalue of axis 3 is 0.04 (not displayed). In (A), individual species and stages of nauplii are displayed 

with vector arrows representing environmental constraints: halocline depth (S_cline), sea surface salinity: 

(surf_sal), mean water column salinity (S_mean), thermocline depth (T_cline), sea surface temperature 

(SST), and surface chlorophyll a concentration (Chl_A). Species names are abbreviated as: CH (C. 

hameri), BB (B. balanus), BC (B. crenatus), VS (V. stroemia), SB (S. balanoides), CYP (cyprids), while 

larval stages are identified by number. In (B) stations are represented by number. 

A) 

B) 
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2.4 Discussion 

 

This study has characterised previously unsampled distributions of cirripede nauplii and 

cyprids resolved to species level across the Firth of Lorn on the west coast of Scotland. These 

distributions also provide some insight into the predominant forcing mechanisms for larval 

dispersal in this region, which will be the topics of investigation in future chapters of this 

thesis. 

 

2.4.1 Sampling design 

 

The two different sampling gears used in 2009 and 2010 may have influenced the observed 

dissimilarities in zooplankton abundances in each year. Saville (1958) noted that objects 

larger than the mean mesh size can escape through a net, while Barnes and Tranter (1965) 

noted differences in the size distribution of zooplankton retained in nets of different sizes. 

Nichols and Thompson (1991) used mathematical models to relate mesh size to the retention 

of various sizes of copepodites and copepod nauplii in nets, producing a general equation 

describing the proportion of copepods caught to the ratio of copepod body width to mesh size, 

R: 

 �������(	)������(	) = 11 + �(��.�(���.�)) (2.2) 

 

Using the smallest reported literature values of body width for each species/stage 

combination, it was determined that the proportion of cirripede nauplii and cyprids caught 

using the 270 µm mesh and 80 µm mesh should be 0.999 and 1.0 respectively (Appendix 4). 

This indicates that it is unlikely that the differences in mesh size between the two years had a 

significant influence on the relative abundances of larvae caught in each study.  

 

Comparisons between earlier models of the Gulf sampler and ring nets have detected order-

of-magnitude differences in observed zooplankton concentrations. This has been attributed to 

the extrusion of smaller organisms through the Gulf VII net  because of the higher filtration 

pressure across the mesh (Sherman and Honey 1971). While differences in abundances in 

2009 and 2010 in these surveys were also on an order of magnitude, extrusion seems unlikely 

to be the cause. For example, samples obtained using the Gulf VII contained proportionally 
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greater abundances of smaller nauplii (e.g. early stage V. stroemia), which would be 

preferentially extruded during towing. 

 

When compared to vertical zooplankton hauls, oblique tows, as used in the 2009 survey, have 

been demonstrated to be less susceptible to zooplankton patchiness (De Wolf 1989). 

Consequently, the ring net approach used in 2010 is likely to have resulted in increased 

variability between samples taken at different stations, though the greater variability may 

have been mitigated to an extent by the combination of three net deployments in each sample, 

thereby increasing the volume of water sampled at each station. Given that relative larval 

abundances do not seem to demonstrate serious sampling bias resulting from gear and mesh 

choice, differences in the observed distributions across the Firth of Lorn comparing years are 

more likely to be a result of environmental conditions, which may have influenced both adult 

spawning cues and larval transport and mortality. 

 

2.4.2 Spawning cues 

 

Starr et al. (1991) suggested that close contact with phytoplankton cells in bloom conditions 

stimulate spawning in S. balanoides, while a similar link between the spring phytoplankton 

outburst and spawning has been suggested for V. stroemia (Barnes and Stone 1973) and B. 

balanus (Barnes and Barnes 1954). B. crenatus spawns in greatest numbers during the spring, 

but continues through the year (Pyefinch 1948b), while C. hameri is known to spawn in the 

spring (Crisp 1962a), though the cues for spawning for these two species are unclear.  

 

A greater period of time may have elapsed between the spawning time and sampling of B. 

crenatus, B. balanus, and S. balanoides in 2009, as the larval populations of these species 

were comprised of greater numbers of NIV-NVI larvae than in 2010. This may have been 

related to the timing of the phytoplankton bloom, though the opposite pattern was observed 

for C. hameri and V. stroemia nauplii. The differences between relative abundances of larval 

stages between these two sampling years may be indicative of differences in cues for larval 

release between species, particularly as C. hameri and V. stroemia have the greatest depth 

range of all species observed: different cues may be instigating larval release at depth than at 

the surface.  
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Unlike C. hameri, V. stroemia’s main naupliar release in the spring is complemented by the 

asynchronous release of larvae throughout the year (Bassindale 1936, Southward 2008), with 

the same being true for B. crenatus (Pyefinch 1948a, Southward 2008). These naupliar 

abundances of these two species may have been supplemented by multiple brood releases 

prior to the time of sampling in each year, particularly when compared to the single naupliar 

release of boreo-arctic species C. hameri, S. balanoides, and B. balanus (Barnes 1989). Even 

so, without standardised, inter-annual sampling of larval populations, it is difficult to pinpoint 

trends with certainty when comparing the larval release dates of deeper and shallower 

sublittoral barnacle species. 

 

2.4.3 Tracking dispersal by larval developmental stages 

 

Nauplii tended to be found in greater abundances towards the west of the Firth of Lorn. While 

published descriptions of cirripede naupliar stage durations in-situ are scarce, many 

laboratory-based studies have offered a range of temperature-dependent development times 

(e.g. Bassindale 1936, Pyefinch 1948b, Barnes and Barnes 1958, Moyse 1963, Harms 1984). 

Stage durations for NII and NIII are less than for later stages (e.g. 3 d each for S. balanoides 

NII and NIII reared at 6°C, Harms 1984), so it is reasonable to assume that these will be likely 

to be found closer to their source populations given their shorter period of pelagic dispersal. 

NV and NVI larvae will have had a longer time period for dispersal (e.g. 4 d at NV and 6 d at 

NVI (or 26 days total) for S. balanoides, Harms 1984), and have the potential for greater 

transport away from source populations (Shanks 2009). However, if dispersal is reduced, 

and/or larval retention is prevalent, NV and NVI larvae may not have dispersed substantially, 

and may also be close to spawning sites. In this case, late stage larvae found at stations could 

represent an earlier cohort than the concurrent early-stage larvae, and spawning could be 

asynchronous. This may be the case for V. stroemia and B. crenatus, though the most 

substantial release of nauplii for these species also occurs in the spring (Southward 2008). 

The larval release of S. balanoides, C. hameri, and B. balanus are, however, synchronous 

(Barnes 1989). In the Firth of Lorn, if spawning and larval development are relatively 

synchronous, and if larval retention is low, it may be possible to track the progress of larval 

transport from one place to another – in this instance, in a westerly and southwesterly 

direction, towards the open ocean. For example, in 2009 few NII-NIV C. hameri larvae were 

found at stations in the middle section of the Firth of Lorn, and no NV-NVI larvae were found 

in this area. While NII nauplii are expected to be found in proximity to adult habitat, the lack 
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of late-stage C. hameri larvae found at these stations is most likely indicative of water flow 

patterns transporting these larvae westwards. In 2010, the greatest abundances of C. hameri 

larvae were also found at the westernmost stations, but a greater proportion of C. hameri 

larvae were found in the central region of the Firth of Lorn, when compared to 2009. While 

the average depth of larval transport in the water column is undocumented for this species, if 

found in surface waters, wind driven surface currents related to the predominant south-

westerly and westerly winds in this year may have had a weakening effect on offshore 

transport of larvae by residual currents.  

 

While C. hameri was relatively rare in both years (particularly so in 2009), this hypothesis is 

also supported by the observed distributions of other species, including B. crenatus, which are 

able to occupy a broader range of habitat types and depths. In 2009 and 2010, NII and NIII B. 

crenatus larvae were found in most regions of the study area, with greatest abundances at 

stations to the south of Colonsay: these stations may contain significant productive adult 

habitat and serve as source populations. The distribution of late stage nauplii, however, 

differed between years. As with C. hameri, NIV-NVI B. crenatus larvae were found in 

progressively greater abundances in the western reaches of the Firth of Lorn in 2009. In 2010, 

however, later stage larvae were evenly distributed across the study area, and more of these 

larvae may have been transported in a north-eastern direction by wind driven currents from 

the predominant westerly and south-westerly winds in these years.  

 

2.4.4 The role of oceanographic flows and wind fetch 

 

In order to understand the role of larval dispersal in population biogeography, processes 

across a variety of scales, from that of the organism itself (mm - cm) to mesoscale 

oceanography (10’s – 100’s of km) must be integrated. At the larger scales relevant to 

regional larval transport, wind-driven currents have been demonstrated as an important 

determinant of barnacle larval transport (Bertness et al. 1996, Epifanio and Garvine 2001). 

Wind-driven advection of water masses has also been suggested as a mechanism for larval 

transport in other species, but one which must be complemented by an understanding of larval 

vertical positioning and swimming behaviour (Hudon and Fradette 1993). In this case, if wind 

forcing is persistent across timescales relevant to barnacle larval dispersal (days to weeks, 

Garland et al. 2002), it may influence population connectivity processes across the Firth of 

Lorn. 
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The predominant wind direction and strength differed substantially between the two periods 

studied, aligning with the main axis of the Firth of Lorn in 2010, but being predominantly 

southerly in 2009, coming across the islands Islay and Jura which serve as the southern border 

to the Firth of Lorn. Consequently, fetch was greater during the study period in 2010, 

strengthening associated wind-driven currents and surface turbulence, possibly affecting the 

distribution of associated zooplankton communities. Turbulence caused by wind events may 

also influence the vertical distribution of zooplankton, and has been associated with deeper 

abundance maxima than in calm conditions (Incze et al. 2001). Hudon and Fradette (1993) 

demonstrated that wind-driven advection of water masses determined the abundance of 

decapod crustacean larvae in Baie de Plaisance, Canada, but also highlighted the importance 

of the vertical migration and swimming ability of the larvae, particularly for later-stage 

individuals. 

 

Larger, later stage larvae are often stronger swimmers than earlier stage larvae (Stanley et al. 

2012), and so the effect of wind-forcing on surface currents may be more influential on 

dispersal processes for early naupliar stages. This may have played a part in the observed 

differences in distribution, particularly between naupliar stages. Given that the strength of 

wind-driven currents decreases with depth in the water column, the vertical distribution of 

larvae of each species across the Firth of Lorn is likely to have a significant influence on the 

ability of larvae to reach suitable habitat in a given year. With a prolonged sampling 

programme, it may be possible to discern the relative importance of wind-driven transport 

compared to transport by residual or tidal currents for the naupliar stages of each species in 

this region.  

 

Other oceanographic properties including residual flows and tidal mixing may have affected 

larval distribution patterns in both years. While nauplii of particular species or stages appear 

to be associated with certain physical properties in the output of CCA, larvae are unlikely to 

be behaving in response to water of a particular temperature or salinity. Rather, these 

individuals are more likely to have been transported with the water mass they were spawned 

into, depending on their depth of distribution. In 2009, the sheltered nature of the Firth of 

Lorn to wind may have meant that larval distributions were less influenced by wind-driven 

transport, and so background flow fields became more significant.  
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The Firth of Lorn can be broadly characterised as an estuary, according to the definition “a 

semi-enclosed body of water having a free connection with the open sea and within which the 

seawater is measurably diluted with freshwater deriving from land drainage” (Knauss 1996), 

and so may be subject to estuarine-type circulation. The majority of species showed a 

progressively stronger association with warmer and more saline waters as they moved through 

the naupliar stages and in an offshore or seaward direction. In the absence of wind-forcing, 

this distribution may be indicative of underlying water circulation patterns. Additionally, the 

“c” shape in the 2009 offshore temperature profiles may be related to an intrusion of warmer, 

more saline North Atlantic water into the mouth of the Firth of Lorn (McKinley et al. 1981, 

Ellett and Edwards 1983). Depending on the timescale of this water mass movement at deeper 

levels in the water column, deep flows may also have transported associated deep-water eggs 

and larvae further inshore, though has been relatively undocumented in coastal regions.  

 

The time-scale of these physical processes must be relevant to that of larval dispersal. For 

instance, if a physical process, such as wind forcing, exists on a similar time-scale to the 

larval duration, it is likely to have a significant effect on dispersal. Often, the relevance of 

physical processes to larval transport is discussed on geographical scales, but the duration 

across time must be of equal importance when considering effects on a temporally limited 

ecological process.  

 

2.4.5 Summary and impetus for future study 

 

This chapter describes the horizontal distributions of barnacle larvae across the Firth of Lorn 

in the spring of two consecutive years. The progressive transport of nauplii in a seaward 

direction (westerly) is apparent in both years, with greater abundances of NV and NVI nauplii 

observed at the most westerly stations, particularly in 2009. This is supported by the 

association of later naupliar stages with positive CCA1 (indicative of increasing SST and 

salinity). In 2010, the direction of predominant wind forcing aligned with the main axis of the 

Firth of Lorn, and it may be that wind-driven currents were acting in opposition to the 

residual direction of water transport, reducing seaward larval transport. This suggests that 

wind forcing may be an important determinant of larval transport in this region, as has been 

demonstrated in studies of larval dispersal in other locations (e.g. McQuaid and Phillips 2000, 

Botsford 2001).  
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The importance of wind forcing in cirripede larval transport also suggests that the vertical 

distribution of larvae will influence their horizontal transport, as the strength of wind-driven 

currents decreases with depth in the water column (Knauss 1996). Cirripede larvae positioned 

close to the surface will be dispersed by a combination of wind-driven, tidal, and residual 

current flows, while those deeper in the water column will only be subject to tidal and 

residual currents. Between-species differences in vertical distributions will result in divergent 

patterns of dispersal, while changes in vertical distributions across the naupliar stages may 

mean that the factors driving transport change with larval development. Some authors have 

suggested that all naupliar stages remain at the surface, while cyprid larvae are found deeper 

in the water column (Tapia et al. 2010), while others have suggested that cyprids remain 

closer to the surface (Le Fèvre and Bourget 1991). Nearly 60 years ago, Bousfield (1955) 

proposed that later stage nauplii and cyprids of B. crenatus and Balanus improvisus select 

deeper layers in the water column in an estuarine system. It seems that differences between 

species in depth distributions could result from divergent behaviour (dos Santos et al. 2007), 

possibly related to the adult habitat types of each species. For example, Grosberg (1982) 

demonstrated that the vertical distributions of Balanus glandula and Balanus crenatus cyprids 

varied according to the vertical distribution of their preferred adult habitat. Chapter 3 of this 

thesis addresses this issue by investigating the role of vertical distributions on the horizontal 

transport of cirripede larvae for the species identified here, with resolution at each naupliar 

stage. 

 

For many of the subtidal species sampled here, the trend for greater abundances of late stage 

nauplii to occur in the seaward portions of the survey areas may be related to the availability 

of offshore adult habitat (Figure 2.1), though there is little survey data available on the adult 

distributions of these species. While a substantial proportion of available habitat for intertidal 

barnacle species was evenly distributed across the study domain, the offshore transport of late 

stage nauplii and associated subtidal habitat availability suggests that the survey area may not 

have extended far enough offshore to adequately sample the larval population of species such 

as Chirona hameri and Verruca stroemia.  

 

Finally, this study has provided two datasets for the validation of particle-tracking routines to 

be employed in the biophysical model of cirripede larval dispersal described in Chapter 5 of 

this thesis. The acquisition of biological datasets for model validation has previously been 

highlighted as a significant need in modelling studies to ensure quantitative assessments of 

model skill (Werner et al. 2007, Alandsvik et al. 2009). 
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3. Vertical depth distribution of cirripede larvae as a possible influence on 

horizontal transport in the Firth of Lorn, Scotland 

 

3.1 Introduction 

 

Control of vertical positioning in the water column can have a profound influence on the 

dispersal of marine larvae (Warner and Cowen 2002). Variation in horizontal current flow 

fields over the vertical domain of the water column, or vertical shear, results from wind 

stresses and/or stratification at the sea surface and bottom friction at the seabed (Largier 2003) 

The vertical positioning of larvae with respect to vertical shear will be an important 

determinant of larval transport distances (Sponaugle et al. 2002). As early as 1912, it was 

hypothesized that larvae may take advantage of vertical shear to determine their horizontal 

positioning (Nelson 1912), and several classic studies on estuarine organisms have provided 

strong support for ontogenetic (De Wolf 1973, Shanks 1986b) and tidally-synchronised 

(Bousfield 1955) vertical migrations. Similar observations for species inhabiting open 

coastlines have only come to light more recently. Upward swimming has been noted as a 

mechanism for maintenance of larvae in offshore frontal circulations (Epifanio 1987, Govoni 

and Grimes 1992, Epifanio 1995, Pineda 1999) and for facilitating onshore transport due to 

wind-driven circulation (Epifanio 1995). Furthermore, recent simulations of vertical 

swimming behaviour have indicated that migration patterns with rapid bursts of upwards or 

downwards movement, both in and out of phase with tidal flows can significantly affect both 

the direction and distance of dispersal, while slower and more gradual migrations had little 

effect on dispersal (Sundelöf and Jonsson 2011). 

 

The range of depths occupied by a species or larval stage is also likely to influence patterns of 

dispersal, particularly between larvae found in surface waters and those found deeper in the 

water column. Given the influence of wind-driven transport at the surface, larvae found here 

are expected to be advected farther than those found further down in the water column 

(Epifanio and Garvine 2001, Tapia et al. 2004). The physical cues associated with vertical 

swimming behaviour are poorly understood, although diel vertical migration is often cited as 

the most common zooplankton swimming behaviour (Hill 1998, Qiu et al. 2010). It has also 

been demonstrated that strong thermoclines may limit the vertical distribution of some marine 

invertebrates (Dobretsov and Miron 2001, Daigle and Metaxas 2011), possibly by altering 

larval swimming ability or behavioural processes which may in turn influence larval 
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transport, as directional flows may differ throughout the water column layer (Pineda et al. 

2007). In cirripedes it has been suggested that early-stage nauplii exhibit positive phototaxis 

and remain in the upper part of the water column where food resources are high (Singarajah et 

al. 1967). Across other taxa, later stage larvae may avoid visual predators and conserve 

energy by positioning themselves in the lower part of the water column (e.g. Hays 1995). 

Recently, Tapia et al. (2010) observed consistent differences in the water column positioning 

of cirripede nauplii and cyprids of three species (Balanus nubilus, Chthamalus spp., and 

Pollicipes polymerus), with no indication of diel migrations, though these observations were 

made at a single fixed station over 48 hours.  

 

The advent of high-resolution three-dimensional oceanographic modelling has facilitated the 

inclusion of larval vertical swimming behaviour into particle-tracking routines, transforming 

simulated larvae from predominantly passive particles to active entities whose transport can 

be simultaneously influenced by larval behaviour and current flows acting in all directions. 

Recently, many modelling studies have demonstrated that passive dispersal alone is not 

sufficient to reflect observed transport patterns (e.g. coral reef fish Cowen et al. 2006, plaice, 

Fox et al. 2006, Fox et al. 2009). As directly tracking plankton in the sea is extremely 

difficult, most validation of these models has been by inference, through comparisons of 

where model particles ‘settle’ with known settlement locations (invertebrates) or nursery sites 

(fish larvae). The results of these modelling studies have been strengthened by the 

demonstration of differential swimming behaviour in marine invertebrate larvae, particularly 

as a transport mechanism for different pelagic larval stages (Tapia and Pineda 2007, Tapia et 

al. 2010).  

 

To date, very few empirical studies have profiled larval distributions in three spatial 

dimensions (but see dos Santos et al. 2007), often opting for horizontal resolution without 

well-resolved depth profiles, or highly-resolved depth profiles without good horizontal 

resolution (i.e. at a single station). This study aims to produce spatially resolved vertical 

distribution patterns across the larval life stages of five species of cirripedes in relation to 

local hydrodynamic features in the Firth of Lorn on the west coast of Scotland. To date, 

documentation of the vertical distribution of barnacle larvae between species and across all 

naupliar stages in-situ is scant (but see De Wolf 1973, dos Santos et al. 2007, and Tapia et al. 

2010 for general differences between cirripede nauplii and cyprids). It is expected that, as in 

previous studies, greater numbers of cyprid larvae will be found in the lower portion of the 

water column, while greater numbers of nauplii will be found in the upper portion of the 
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water column. I also sought to explore potential differences between species which occupy 

different depth zones. Differences in vertical positioning may result in differing onshore-

offshore horizontal distributions of early and late-stage nauplii (e.g. Chapter 2 of this study, 

Tapia and Pineda 2007). These distributional differences may then reflect differential 

transport between naupliar stages. Species-specific vertical distributions are expected given 

the range of preferred habitat depths of the five species used in this study (i.e. from intertidal 

to 200 m, Appendix 1); larval vertical positioning behaviour may have evolved over time to 

allow a sufficient proportion of offspring to reach suitable habitat (including marine 

renewable energy devices, MREDs) to allow population persistence. 

 

3.2 Methods 

 

3.2.1 Zooplankton survey and laboratory processing 

 

A vertically stratified zooplankton survey of nine stations across the Firth of Lorn on 

Scotland’s west coast was carried out between the 4th and 8th of April 2011 (Figure 3. 1). 

Stations 1-3 (Lynn of Morvern), 4-5 (Sound of Mull), and 6-9 (Firth of Lorn basin) were 

expected to each have similar physical properties. Where possible, stations sampled were in 

proximity to depth-integrated survey locations which were occupied in April 2009 and 2010 

(described in Chapter 2), though severe weather conditions on the 4th and 5th of April limited 

sampling to more sheltered locations in the Lynn of Morvern and Sound of Mull. 

 

The survey vessel (R.V. Calanus) was anchored at each station and preliminary water column 

characteristics were obtained by a full water column deployment of a CTD sensor 

(conductivity, temperature, depth, fluorometry, Sea-Bird Electronics SBE 19+). Sample 

depths were then selected to reflect depths above, below, and within any apparent water 

property clines and/or the depth of maximum fluorescence, as well as at the surface and in 

bottom waters. A pumped plankton sampler (KC Denmark model 23.580, 2.2 KWatt) fitted 

with a 60 µm cod-end was deployed to obtain zooplankton samples at 5-6 depths spanning the 

entire water column. Each pump deployment lasted 10 - 20 minutes, in order that sufficient 

numbers of cirripede larvae were sampled without significant net clogging. A second CTD 

deployment took place following sampling of all depths at each station. Plankton sampling 

occurred between the hours of 08:00 and 18:00 each day; the timing of sampling at each 

station/depth was not consistent across the duration of the survey. 
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CTD outputs were post-processed using SEASOFT-Win32 software (Sea-Bird Electronics 

Inc. 2008) to produce 1 m bin-averaged profiles. Fluorescence measurements are measured as 

voltages, which are then converted to approximate chlorophyll concentrations using a 

calibration scale factor (Sea-Bird Electronics Inc. 2008). Thermocline and halocline depths, 

where appropriate, were determined using the same procedure as described in Chapter 2. 

 

Zooplankton samples were rinsed into a 65 µm mesh sieve, and stored in a 4% buffered 

formalin solution for transport and storage prior to processing. In the laboratory, samples 

were rinsed and made up to 250 mL volume with observation fluid (a solution of 15 mL 1-

phenoxy-2-propanol and 150 mL 1,2-propanediol, completed to 3 L with deionised water). 

Samples were homogenized by vigorous random stirring and subsamples were removed using 

a 2 or 5 mL Stempel pipette. Subsamples were processed using a stereo microscope, and all 

barnacle nauplii were identified to naupliar stage (2 to 6, or NII to NVI) and species level 

using taxonomic keys (Burrows 1988, Ross et al. 2003). Five target species were identified: 

Balanus balanus, Balanus crenatus, Chirona hameri, Semibalanus balanoides, and Verruca 

stroemia. Cyprids were not identified to species level because of difficulties in attributing 

individuals to species resulting from the overlapping size distributions of some species. 

Cyprid size has also been reported to vary with location (Pyefinch 1948b, Crisp 1962b). 

Subsampling was repeated until 100 individuals of a species were identified, or until 20% of 

the sample had been processed. 

 

Counts of nauplii and cyprids were converted to abundances (count m-3) using the estimated 

volume filtered by the pump, as calculated by the manufacturer calibrations for the internal 

flowmeter. 
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Figure 3. 1: Map of zooplankton stations sampled 4
th

-8
th

 April 2011 (red dots).  Stations 1 – 3 are 

located in the Lynn of Morvern (A), stations 4 – 5 in the Sound of Mull (B), and stations 6 – 9 in 

the Firth of Lorn (C). 
 

 

 

3.2.2 Description of larval vertical distribution 

 

The mean depth of distribution (MDD) was calculated for each species x stage combination at 

each station as:  

 

��� = 	∑� ∙ ��  
(3.1) 
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where a is the abundance of larvae at a particular depth, d, and n represents the sum of the 

abundance of the species and naupliar stage in question at that station. The value of MDD 

gives an approximate idea of where in the water column the predominant mass of larvae 

reside – whether closer to the surface, intermediate, or near the bottom (Figure 3. 2A). MDD, 

however, may misrepresent vertical distribution patterns, particularly where more than one 

abundance peak is observed at different levels in the water column.  

 

Depth-abundance curves for larvae of all species and stages were plotted for all stations, and 

the standard deviation of the MDD was calculated. The standard deviation (SD) of the MDD 

provides a measure of aggregation of larvae around the MDD (Figure 3. 2B). Where the SD 

was small, the peak in abundance around the MDD was sharp, and larvae were closely 

aggregated at this mean depth. On the other hand, where the SD was small, aggregation was 

weak, and larvae were more evenly spread throughout the water column.  

 

Finally, the overall slope of the depth-abundance curve for each larval stage of each species at 

every station was calculated using a series of linear regressions of the form: 

 � !����"�#$ = 	%$ +	&$ ∙ ��'(ℎ#$ ∙ *(�(	+�	$ +	,#$ 
where   ,#~�(0, 01) (3.2) 

 

For each observation, i, at station j, the abundance of a particular stage of a barnacle species 

was determined by the depth and station at which the observation was recorded. The intercept, 

α, and slope, β, of the depth-abundance curves may differ by station. A positive slope was 

indicative of increasing abundance with depth, while a negative slope was evidence that 

larvae are in greater abundance near the surface than at depth (Figure 3. 2C). A slope of zero 

represented an even distribution across all depths. 
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Figure 3. 2: Descriptors of larval depth-abundance curves. (A) MDD may be shallow, I, intermediate, II, 

or deep, III. (B) The SD is illustrative of the degree of aggregation around a particular MDD (dotted line). 

Where SD is small, I, larvae are highly aggregated. Where SD is intermediate, II, larvae show a degree of 

aggregation, and where SD is large, III, larvae are poorly aggregated and more evenly distributed 

through the water column. (C) The average slope of the curve represents overall changes in the 

abundance of larvae with depth. Positive slopes, I, represent increasing abundances with depth, slopes 

approximating zero, II, illustrate an even distribution of larvae throughout the water column, and 

negative slopes, III, represent decreasing larval abundance with depth. 

 

To reveal differences in vertical distribution patterns by species or by naupliar stage, an 

ANOVA was carried out using linear mixed-effects models in order to account for the 

unbalanced nature of the survey data (Pinheiro and Bates 2000) which resulted from 

observations of zero-abundance of species-stage combinations at some stations. MDD, SD, 

and slope were analysed independently as response variables, while fixed effects in these 
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models included species, naupliar stage, and the interaction between species and naupliar 

stage for each observation, i, at station j: 

 ���#$~2'�"	�*#$ ∙ 2(�3�#$ 2�#$~2'�"	�*#$ ∙ 2(�3�#$ *4+'�#$~2'�"	�*#$ ∙ 2(�3�#$ (3.3) 

 

Selection of random effects for these models using the Akaike Information Criterion (Zuur et 

al. 2009) suggested that the inclusion of region of sampling (Lynn of Morvern, Sound of 

Mull, Firth of Lorn) did not improve model fit for any response variable (summary statistics 

can be found in Appendix 5). Where MDD was based on a single observation, it was not 

possible to calculate SD, and this lack of observational power precluded the use of region as a 

fixed or random effect in a mixed-effects model with SD as the response variable. However, 

data exploration and visualisation (Appendix 5) suggested that region was not a substantial 

influence on the variability of SD, and so it was not included as a random effect, as had been 

done for MDD and slope. Further likelihood ratio tests using maximum likelihood estimation 

(Zuur et al. 2009) indicated that neither region of sampling, nor station was a significant fixed 

effect for MDD, SD, or slope (Appendix 5).  

 

3.3 Results 

 

All five target species of spring-breeding barnacle nauplii were identified at all stations 

sampled in 2011. V. stroemia was the most abundant species recorded, with, on average, 533 

nauplii m-3 per station, and a maximum recorded abundance of 1,443 NIV nauplii m-3 at 10 m 

depth at station 6. Meanwhile, C. hameri was the least abundant species, with an average 22 

nauplii m-3 per station, followed by B. balanus, with only an average 58 nauplii m-3 per 

station. 

 

Abundances of all species were zero-inflated at some stages, though this was less severe in B. 

crenatus. Very few NV and NVI C. hameri and NII and NIII B. balanus were observed. 

Stations 1-3 had greater abundances of intertidal and shallow-subtidal species (S. balanoides, 

B. crenatus), while further offshore, stations 6-9, had greater abundances of deeper water 

species (V. stroemia and C. hameri) and cyprids. Stations 4-5 were intermediate in terms of 

abundance for most species.  



Chapter 3: Vertical distributions of cirripede larvae 
 

67 
 

3.3.1 Vertical distributions of barnacle nauplii 

 

Across all stations in this study, the vertical distribution of nauplii differed from that of 

cyprids. Cyprids were observed at all stations sampled, and at increasing abundances moving 

from the Lynn of Morvern, to the Sound of Mull, to the Firth of Lorn basin. Observed cyprid 

abundances were of an order of magnitude higher at stations 6-9 compared with the 

remainder. Cyprids were only recorded at all sampling depths at stations 6, 8, and 9. At these 

stations the abundance of cyprids remained relatively consistent throughout the water column, 

with similar abundances of cyprids at the surface and at depth (Figure 3. 3) 

 

Mixed models using sampling station as a random effect revealed significant differences in 

MDD (cyprids: 34.1 m, nauplii: 19.5 m, p: 0.002, Table 3. 1) and SD (cyprids: 23.4 m, 

nauplii: 11.6 m, p: < 0.0001), suggesting that cyprids were found, on average, deeper in the 

water column than nauplii, but that they were also more uniformly distributed from the sea 

surface to the seabed. The MDD of cyprids approximates the mean MDD which would be 

expected if larvae were evenly distributed throughout the water column at all stations (MDD 

= ½ depth, min: 19.9 m at station 7, max: 58.5 m at station 3, mean: 39.4 m). The mean slope 

of the abundance distribution differed between cyprids and nauplii   (-0.13 and -1.57, 

respectively), but this difference was not significant, and may have been the result of absence 

of cyprids at certain depths for some stations.  

 

Table 3. 1: Summary ANOVA table for MDD, SD, for observations of nauplii and cyprids. Station is 

included as a random effect to account for variability inherent to the sampling location. 

 

 num. DF den. DF F-stat p-value 

MDD     

intercept 1 192 147.01 < 0.001 

cyprid / not cyprid 1 192 10.11 0.0017 

SD  192   

intercept 1 192 44.01 < 0.001 

cyprid / not cyprid 1 192 28.55 < 0.001 

slope  192   

intercept 1 192 7.55 0.0066 

cyprid / not cyprid 1 192 1.49 0.2243 
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Analysis of the vertical distribution patterns of nauplii alone revealed that cirripede species 

was the most significant determinant of MDD, SD, and slope across all stations (Table 3. 2). 

Naupliar stage did not significantly influence MDD, but was more relevant in determining the 

spread and slope of larvae through the water column (Table 3. 2). However, the significance 

of naupliar stage in determining the SD of vertical distribution curves could be primarily 

attributed to NII larvae, which had significantly greater SD (SD: 13.3 m, p: 0.03, Appendix 5) 

than the remainder of stages. The slope of larval vertical distributions differed significantly 

across naupliar stages, and was the most negative for NIII and NIV nauplii, suggesting that 

during these stages nauplii are concentrated near the sea surface. Slope was closest to zero for 

NVI nauplii, indicating a more even distribution of this stage throughout the water column.  

 

Table 3. 2: Summary ANOVA tables for MDD, SD, and slope, excluding cyprids 

 

 num. DF den. DF F-stat p-value 

MDD     

intercept 1 160 161.12 < 0.001 

species 4 160 11.26 < 0.001 

stage 4 160 0.70 0.5914 

species*stage 16 160 1.06 0.4006 

SD     

intercept 1 174 41.45 < 0.001 

species 4 174 4.74 0.0012 

stage 4 174 2.42 0.0503 

species*stage - - - - 

slope     

intercept 1 160 7.36 0.0074 

species 4 160 13.81 < 0.001 

stage 4 160 4.57 0.0016 

species*stage 16 160 2.39 0.0031 

Note that species*stage was not included as a fixed effect in analysis of SD because of insufficient observations 

to assess the interaction 

 

A handful of observations of MDD were based on single occurrences of a species / stage at 

particular stations, and so it was not possible to calculate a SD for these observations. As a 
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result, there were insufficient observations to include a species*stage interaction term in a 

mixed model of SD, though data visualisation suggested that this interaction was unlikely to 

be significant (Appendix 5). Between MDD and slope, the interaction of species and stage 

was only significant in determining the slope (Table 3. 2). In other words, while the MDD 

remains consistent across the naupliar stages within each species, the slope of the depth-

abundance curve may change.  

 

Verruca stroemia 

At all stations, NIII and NIV were the most abundant naupliar stages of V. stromeia observed, 

while NVI was almost always the least abundant. Even so, the depth-abundance profiles of all 

naupliar stages showed similar patterns within each station. Abundances of all stages tended 

to be greatest in the upper 20 m of the water column, and steadily declining towards the 

bottom, with the exception of stations 5 and 7, where abundances appeared more even across 

all depths (Figure 3. 4). The overall MDD (averaged across 9 stations) for this species was 

15.2 m, with a mean standard deviation of 10.2. This is shallower than the expected MDD at 

all stations for an even distribution of larvae (39.4 m). Meanwhile, the mean slope of depth-

abundance profiles was -4.22, indicating that abundance of this species tended to decline with 

increasing depth. 

 

Semibalanus balanoides 

As with V. stroemia, the intermediate naupliar stages (NIII - NV) of S. balanoides were the 

most abundant across all stations, though more NIII were observed at stations 1–3, while 

greater numbers of NV were observed at stations more distant from the coast (stations 6-9). 

Similarities in the shape of depth-abundance profiles across naupliar stages are evident at 

stations 1-5, though the overall abundances of each stage differed (Figure 3. 5). At stations 6-

9, stage abundance patterns were often similar in the top 20 m of the water column, but 

showed much greater variation deeper in the water column. The MDD for S. balanoides was 

similar to V. stroemia, at 14.3 m, as is the standard deviation, at 10.9. The slope of the depth-

abundance profile, however, was slightly shallower, indicating a smaller abundance 

differential between the upper and lower parts of the water column. 

 

Balanus crenatus 

B. crenatus abundances were fairly even at all stations, and highest abundances were recorded 

at stations 1 and 7. NIV and NV were most frequently recorded at all stations, with the 

exception of stations 8 and 9, where NII were the most abundant naupliar stage. At many 
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stations, the depth-abundance profiles appear similar across most naupliar stages, for example 

at stations 1 and 3 (Figure 3. 6). The shapes and slopes of the abundance profiles, however, 

differ between stations, some having negative slopes (e.g. station 3), others with positive 

slopes (e.g. stations 5 and 7), and others with relatively even distribution at all depths (e.g. 

stations 4 and 8). Overall, the MDD for this species is deeper than that of S. balanoides and V. 

stroemia, at 21.4 m (standard deviation ~ 14.8). The overall mean slope across all stations (-

6.95 x 10-2) is close to zero, though the range of slopes is wide, from 11.0 to -2.99. 

 

Balanus balanus 

B. balanus was the second least abundant species but was still observed at all stations, though 

NII and NIII occurred only at stations in the Lynn of Morvern (with the exception of a 

handful of NIII at station 5). Where all stages were present, the shapes of depth-abundance 

profiles were similar across stages (Figure 3. 7). At stations 4-9 where few B. balanus nauplii 

were observed, there were some similarities between the depth-abundance profiles of NV and 

NVI nauplii, but consistency in shape between profiles across stages was more difficult to 

detect because of a relatively large number of zero observations. The MDD for this species is 

19.3 m (standard deviation ~ 10.7), with a slightly greater slope than B. crenatus, at -5.96 x 

10-1. While numerous zero-observations may be influential to this slope, the mean slope of 

stations where all naupliar stages were observed was of the same order of magnitude,  -0.917. 

 

Chirona hameri 

C. hameri generally increased in abundance with increasing distance from a coastline, and as 

such was most abundant at stations found in the Firth of Lorn basin. No C. hameri were 

recorded at station 1, and very few early-stage nauplii were observed at stations 2 and 3. NVI 

nauplii were only observed at station 6. As for B. balanus, the many zero-observations for this 

species cause difficulty in comparing depth-abundance profiles across naupliar stages within, 

and between stations. Even so, at stations where C. hameri nauplii are more abundant, it is 

possible to point out some similarities between naupliar stages. For example, at station 6, the 

depth-abundance profiles for NII – NIV nauplii are of similar shape, while at station 9 NIII 

and NIV nauplii have somewhat alike profiles, particularly at depths above 40 m (Figure 3. 

8). C. hameri produced the deepest MDD, at 24.8 m (standard deviation 15.7), and a fairly 

shallow distribution slope at -1.21 x 10-1 averaged across all stations. At stations 6-9, where 

this species was most abundant, the mean slope is of the same order of magnitude, at -1.81 x 

10-1. 
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Figure 3. 3: Abundance of cyprids recorded at each sampling station. One pumped sample was obtained 

at each depth at each station. 
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Figure 3. 4: Abundance of V. stroemia recorded at each sampling station. One pumped sample was 

obtained at each depth at each station. 
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Figure 3. 5: Abundance of S. balanoides recorded at each sampling station. One pumped sample was 

obtained at each depth at each station. 
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Figure 3. 6: Abundance of B. crenatus recorded at each sampling station. One pumped sample was 

obtained at each depth at each station. 
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Figure 3. 7: Abundance of B. balanus recorded at each sampling station. One pumped sample was 

obtained at each depth at each station. 
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Figure 3. 8: Abundance of C. hameri recorded at each sampling station. One pumped sample was 

obtained at each depth at each station. 
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3.3.2 Water column characteristics 

 

Water column characteristics varied across the sampling domain. Average water column 

salinities and temperatures varied from the north-east to the south-west, with the lowest 

salinities and temperatures found in the Lynn of Morvern, and the highest found in the Firth 

of Lorn basin (Appendix 6). Conversely, stations in the Lynn of Morvern had, on average, the 

highest relative chlorophyll concentrations (~ 4.46 mg m-3), with most station profiles 

showing peak chlorophyll in the top 20 m of the water column (mean top 20 m=8.94 mg m-3). 

There was also evidence of fresh water input in the top 20 m of the water column at these 

stations, and some of the lowest average salinity measurements were recorded here (Smin ~ 

33.22, Appendix 6). The Lynn of Morvern stations also exhibited the lowest average 

temperatures (~ 7.41 °C).  

 

Stations 4 and 5 showed much less variation in water column characteristics with depth than 

those found in the Lynn of Morvern. Salinity minima were noted between 5 m and 10 m depth 

below which salinity gradually increased with depth, however, the difference between surface 

and bottom salinities was less apparent than in stations 1 – 3. Sound of Mull stations were 

also slightly warmer than the Lynn of Morvern stations, but both showed decreases in 

temperature with depth. Chlorophyll concentration at these stations was virtually uniform 

with depth, averaging 2.93 mg m-3.  

 

Water column properties at stations 6-9 were most consistent throughout the water column. 

Though there was evidence of minor surface warming at these stations, below approximately 

20 m salinity, temperature and fluorescence were consistent, regardless of depth, indicating 

that the water column was well-mixed. These stations also had the greatest mean salinity and 

temperature values. 

 

ANCOVA using station as a random effect revealed that MDD was only significantly 

correlated to the depth of chlorophyll maximum and thermocline depth for C. hameri and 

cyprid larvae (all p < 0.005, Appendix 5), while halocline was not significantly correlated to 

MDD (p = 0.4062, Appendix 5). However this could be due to a lack of statistical power 

resulting from observations of zero abundance and from the lack of replication of sampling at 

each depth at each station (i.e. each depth was only sampled once at each station). 
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3.3.3 Summary of results 

 

This study demonstrated significant differences in MDD and SD of larval depth-abundance 

curves of cirripede nauplii and cyprids. For nauplii, species was the most significant 

determinant of MDD, SD and slope across all stations. Naupliar stage was not significant in 

determining MDD, but is more relevant to SD and slope. Within naupliar stages of the same 

species, MDD and SD remained consistent, though variations in slope of the depth-abundance 

curve were observed.  

 

In general, the mean MDD of all nauplii is shallower than would be expected were nauplii 

evenly distributed throughout the water column, suggesting either positive buoyancy (but see 

Chapter 4) or active vertical migration. The species with the shallowest MDD was for the 

intertidal S. balanoides, while the deepest was for the deep subtidal species, C. hameri. 

Despite variation in water column properties across the sampling domain, sampling station 

and region were not found to have significant influence on cirripede depth distributions. MDD 

was only correlated with thermocline depth and the depth of chlorophyll maximum for C. 

hameri and cyprids. 

 

3.4 Discussion 

 

Ontogenetic changes in vertical positioning of larvae is often cited as an important influence 

on the dispersal of invertebrates, and it has been suggested that these changes have evolved as 

a mechanism by which larvae are either retained near adult habitat, or returned to near-shore 

habitat from an offshore larval pool (Shanks 1986b, Pineda 1999, Tapia and Pineda 2007). 

For barnacles, ontogenetic changes in vertical distribution have been observed between the 

nauplii (as a whole) and cyprid stages (Bousfield 1955, Tapia et al. 2010), as was also 

reflected in this study. By resolving the vertical distributions of individual cirripede naupliar 

stages, I demonstrated that for the stations, depths, and barnacle species sampled here, 

evidence of variation in relation to naupliar stage was scant. Naupliar stage did not emerge as 

a statistically significant determinant of MDD or SD in this study, though there was some 

evidence that naupliar stage could influence the slope of the depth-abundance curve, in 

conjunction with the species of larvae, though this may have been related to the relative 

abundances of each naupliar stage.  
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It has also been suggested that dispersal distances should be longer for species where habitat 

availability is the greatest (Travis and Dytham 1999). In this study, observations of species 

with broad habitat ranges and substantial habitat availability were often characterised by 

shallow MDD and negative slopes when compared with species with narrow habitat 

preferences. The differences between the vertical distribution patterns of these species may be 

associated with transport processes, including long distance dispersal and/or larval retention, 

which facilitate arrival at suitable habitat for settlement. 

 

3.4.1 Behavioural influences on naupliar transport 

 

As a strong influence on dispersal and population connectivity, much research has sought to 

identify cues or mechanisms by which invertebrate larvae position themselves in the water 

column. In this study, stations sampled in three regions exhibited distinct water-column 

properties, ranging from surface freshwater input and high chlorophyll fluorescence (stations 

1-3) to well-mixed stations with low chlorophyll fluorescence. Some invertebrate larvae have 

been observed to aggregate around haloclines or pycnoclines in the coastal ocean (e.g giant 

scallop, Tremblay and Sinclair 1990, polychaete, Thiébaut et al. 1992), though in these 

studies the strength of aggregation was often related to the strength of stratification. This 

implies that in more stratified areas where turbulent mixing is lower, larvae may be better able 

to maintain their positioning, whether through buoyancy, physiology, and/or vertical 

swimming behaviour. This might also have the advantage of positioning the larvae within 

regions of higher food abundance as phytoplankton concentrations are often elevated at such 

density discontinuities (Dekshenieks et al. 2001, Durham et al. 2009). However, in this study 

barnacle nauplii were able to aggregate in areas of low stratification and increased vertical 

mixing, for example at stations 6-9. While many other invertebrate larvae have been 

demonstrated to be weak swimmers (e.g. many annelida, cnidaria, Chia et al. 1984), the 

swimming ability of all cirripede naupliar stages may be sufficient to overcome vertical 

mixing action, or larvae may have a level of buoyancy such that they are able to maintain 

vertical positioning, or a combination of the two. The buoyancy and drag of cirripede larvae is 

investigated in Chapter 4. 

 

It has been suggested that invertebrate larvae aggregate in areas of high food availability or 

around higher concentrations of chlorophyll a often present at water column discontinuities 

(Gallager et al. 1996, Metaxas and Young 1998, Metaxas 2001). While most species of 
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barnacle nauplii observed here had strong aggregations at depths coinciding with 

measurements of high chlorophyll (Appendix 5), they also had strong aggregations at similar 

depths at other stations in the absence high chlorophyll fluorescence. Where larval 

aggregations did coincide with high phytoplankton concentrations, larval feeding success and 

survival may have been enhanced, as has been demonstrated for other invertebrate larvae (e.g. 

giant scallops, Gallager et al. 1996). However, strong chlorophyll maxima were only detected 

at stations 1 – 3, so aggregations in the absence of a chlorophyll maximum suggest that 

nauplii may not be directly responding to chlorophyll concentrations, but rather some other 

water column or intrinsic biological stimulus. 

 

Singarajah et al. (1967) identified strong positive phototaxis in early stage barnacle nauplii, 

while Hays (1995) suggested that later stage invertebrate larvae position themselves lower in 

the water column to avoid predators, as may be the case for later stage cirripede nauplii. At 

stations sampled in this study, no evidence emerged for stage-specific differences in the mean 

depth of distribution or aggregation of species observed. In many cases, the shapes of the 

depth-abundance curves for a particular species at a particular station were nearly identical 

across naupliar stages, especially where the abundance of a species was high. Furthermore, 

naupliar stage and naupliar stages within species were only shown to be significant factors in 

determining the slope of the depth-abundance curve, though predominantly for the most 

abundant naupliar stages (NIII and NIV). This suggests that slope, a measure of the rate of 

change in relative abundance of larvae from the surface to the bottom of the water column 

may be primarily determined by the overall abundance of the population measured. If all 

naupliar stages were sampled in equal abundances over the course of the spawning and 

dispersal season, it is possible that these ‘stage’ and ‘stage*species’ effects would no longer 

be significant determinants of the slope of these curves.  

 

Tapia and Pineda (2007) suggest that differing near-shore horizontal distributions of naupliar 

stages may be a result of differential vertical positioning. Given that no evidence was found 

for stage-specific differences in MDD or SD for any of the species observed here, it is more 

likely that the horizontal distributions observed by Tapia and Pineda (2007) were the result of 

horizontal transport processes gradually advecting nauplii offshore over time, as they 

progressed through the naupliar stages. As such, horizontal transport resulting from physical 

processes (e.g. tides, coastal currents, eddies, jets) may be the most significant determinant of 

the potential dispersal range of cirripede nauplii, regardless of any ontogenetic vertical 

migration behaviour.  
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A handful of studies have identified ontogenetic differences in the vertical positioning of 

barnacle larvae between nauplii and cyprids (e.g. Bousfield 1955, Singarajah et al. 1967, 

Tapia et al. 2010). Dos Santos et al. (2007) found both low amplitude and more substantial 

vertical migration patterns in barnacle cyprids, while Tapia et al. (2010) observed cyprids 

remaining at a consistent depth, rather than migrating. Both the aforementioned studies 

occurred in open-coast regions characterised by upwelling-relaxation periods. While detecting 

vertical migration over time was not the aim of this study, cyprids were generally observed to 

have the deepest MDD with relatively large standard deviations when compared to equivalent 

curves for nauplii, supporting the findings of Tapia et al. (2010). The average MDD for 

cyprids (34.1 m) was also closest to the expected MDD for an even distribution of larvae 

through the water column at all stations (39.4 m). Other studies have found cyprid abundances 

to increase with depth and have suggested that lower water temperatures at depth may reduce 

the consumption of lipid reserves in the non-feeding cyprid and thus increase the competency 

period (Pechenik et al. 1993). In this study the distribution of cyprids through the water 

column was fairly even. It is possible that cyprids found nearer to the surface were newly 

metamorphosed and may not have had adequate time to travel deeper in the water column. 

Alternatively, if cyprids position themselves in order to improve the likelihood of reaching 

suitable settlement habitat (Grosberg 1982), cyprids near the sea surface may have been 

intertidal species, such as S. balanoides, while those found near the bottom may have been the 

deeper water species, V. stroemia or C. hameri. Further separation of cyprids into distinct 

species using molecular methods could clarify whether or not the large standard deviation is 

the result of grouping multiple species together. Cyprid carapace length has been validated as 

a tool separating Chthamalus montagui and Chthamalus stellatus cyprids through the use of 

molecular techniques (Power et al. 1999), though this method has not been validated for 

species identified in this study. The substantial overlap in reported size range of some species 

(Burrows 1988), the known variability in carapace length with location and latitude (Crisp 

1962b), and the lack of financial resource precluded speciation of cyrids in this study. 

 

3.4.2 Physical influences on naupliar transport  

 

A diversity of geographic, oceanographic, and environmental characteristics have been 

suggested to influence the vertical distribution and horizontal transport of invertebrate larvae 

in the coastal ocean (Largier 2003, Pineda et al. 2007, Cowen and Sponaugle 2009). If 
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diffusive transport is considered as a strong influence on dispersal, the proximity of each 

sampling station to adult habitat for each species will be a significant influence on the makeup 

of the larval population found there, as discussed in Chapter 2. Distance-wise, stations 1-5 are 

closer to coastlines and associated intertidal and shallow, coastal sub-tidal habitat (Figure 

2.1). As expected, these stations had greater overall abundances of S. balanoides and B. 

balanus. Similarly, stations 6-9 were in greater proximity to the deeper, rocky habitat 

preferred by V. stroemia and C. hameri, and correspondingly the highest abundances of these 

species were observed at stations closer to this habitat. The larvae of B. crenatus, however, 

were found in similar abundances in all regions. While this may be because of the wide 

variety of habitat this species inhabits, ranging from the lower shore sublittoral to deeper 

rocky habitat, shells, and artificial structures such as buoys and ships (Southward 2008), it is 

possible that other physical and biological interactions (e.g. turbulence and naupliar size, or 

timing of spawning and variability in flow fields) resulted in the wide distribution of this 

species.  

 

Wind-driven transport and bottom friction often mean that horizontal flow speeds are greater 

at the surface than at the seabed (Knauss 1996), and that the relative vertical positioning of 

larvae in the water column may be a significant influence on horizontal dispersal (Metaxas 

2001).  Where a larger proportion of larvae are found in the upper portion of the water 

column, as for S. balanoides and V. stroemia, horizontal transport is likely to be enhanced. 

The average horizontal transport velocities for these species are also likely to be greater than 

for C. hameri, given their respective MDD. Given that V. stroemia is capable of inhabiting a 

broader range of habitats and depths (Southward 2008) than the other barnacle species, this 

may result in greater connectivity between V. stroemia populations since the probability of 

encountering suitable habitat will be higher than for species which are more isolated. While 

few studies have explicitly linked habitat availability to dispersal-range in the marine 

environment, habitat availability and persistence have been linked to dispersal distances 

through modelling studies. Travis and Dytham (1999) suggested that over evolutionary time, 

for species where habitat availability is greatest, dispersal distances should be larger. 

Observations of S. balanoides were also frequently characterised by a shallow MDD and 

more negative slope, and this species, too, has significant available habitat along most 

coastlines in the study area. This can be compared with C. hameri, which is restricted to rocky 

habitat below depths of 20 m (Southward 2008), and which for which larval retention near 

limited habitat patches may be more favourable.  
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The environmental data recorded in this survey and in Chapter 2 suggest that the Firth of Lorn 

is mechanistically estuarine, where fresh water from riverine input (in this case runoff from 

the adjacent mountains) is progressively mixed with seawater in an offshore direction. It has 

been suggested that for some invertebrate larvae in well-mixed conditions, depth regulation is 

a mechanism by which larvae increase the probability of finding a settlement location (Baker 

and Mann 2003), though these studies have predominantly related to competent larvae such as 

cyprids. In this study, CTD data suggests increased vertical mixing at stations 6-9, when 

compared with stations 1-5, though cirripede nauplii continue to maintain their vertical 

positioning at these stations. Given the well-mixed nature of the water column at these 

stations, these nauplii must either be morphologically or physiologically adapted to passively 

maintain their vertical position, or they may be actively swimming in response to some 

environmental or biological cue. This question is addressed in more depth in Chapter 4 of this 

thesis.  

 

3.4.3 Transport of invertebrate larvae and implications for species biogeography 

 

The biogeography of sessile invertebrates is inextricably linked to larval connectivity, with 

the arrival of competent larvae and survival of settlers as important determinants of 

population dynamics (Pineda et al. 2007). The arrival of competent larvae, in turn, is 

governed by interactions between larval biology and the local current regime (Levin 2006, 

McManus and Woodson 2012). At large spatial scales, horizontal advection will be the most 

important influence on larval dispersal (Scheltema 1986b, Metaxas 2001), governing whether 

or not larvae are able to reach suitable habitats for settlement. At smaller scales (c. 1 km), 

ontogenetic changes in vertical positioning can act to move larvae onshore (Shanks 1986b). In 

the case of barnacles, vertical distributions seem to change between nauplii and cyprids, rather 

than between the naupliar stages, as demonstrated by this study.  

 

Horizontal transport is likely to be greatest where larval distributions have shallow MDD and 

small spread (SD) because of vertical shear resulting from wind forcing and water column 

stratification. If such vertical distributions are a response to food supply or another water 

column characteristic, then substantial horizontal transport will be a secondary result. 

However, the vertical distributions of cirripede larvae in this study do not strongly coincide 

with any measured physical water column characteristic, so nauplii may not be actively 

responding to temperature, salinity, or food concentrations. Nauplii of species with fewer 
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available habitat patches in this region (e.g. C. hameri) did appear to have deeper MDD than 

those with significant habitat availability (e.g. S. balanoides), which may encourage retention 

near suitable settlement sites. However, MDD may also be related to the actual depth of 

suitable habitat, as the intertidal S. balanoides has the shallowest MDD, and the deep-water C. 

hameri has the deepest. 

 

In the case of marine renewables, an understanding of the transport mechanisms for larvae is 

an important component to predicting the makeup of potential fouling communities, the speed 

with which such fouling might develop, and the effects these fouling communities might have 

on other habitats. All other things being equal, species with shallower MDD combined with 

small SD are likely to experience greater average larval transport, and will have greater 

potential for rapid colonisation of MREDs than those with deeper MDD, or those with a more 

even spread of abundance throughout the water column. However, if MREDs are installed 

near suitable habitat for species with deeper MDD, such as the deep rocky habitat associated 

with C. hameri, these species will be more likely to form new populations on these structures 

because of larval retention within the area. Further investigations with greater spatio-temporal 

resolution of larval vertical distributions in tandem with measurements of fluctuations water-

column physical, chemical, and biological properties may improve our understanding of the 

dispersal potential for a particular species or group of organisms over the pelagic period. Such 

knowledge would be especially useful when parameterizing behavioural routines which 

respond to in-situ conditions in particle tracking models, as described in Chapter 5.  

 

3.4.4 Summary and applications to biophysical modelling studies 

 

This study has demonstrated that the vertical distributions of cirripede nauplii in the Firth of 

Lorn region on the Scottish west coast are significantly different between species. Within 

each species, naupliar stage is not a significant factor affecting vertical distribution patterns, 

but there were significant differences between nauplii and cyprids, though the temporal 

component of these differences was not explicitly evaluated. 

 

This potentially simplifies the development of behavioural routines for particle tracking 

models, in that only two routines need be developed (one for nauplii and one for cyprids), as 

opposed to a fully stage-structured approach. If water column characteristics differ more 

substantially across a model domain, vertical distributions may be parameterized to respond 
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to local environmental conditions, but it remains unclear which, if any, conditions are relevant 

to cirripede vertical swimming behaviour. In this study, temperature, salinity, and chlorophyll 

concentrations did not appear to influence the vertical distributions of the larvae. However 

this could be due to a lack of statistical power so further vertically stratified sampling studies 

are needed. Future field studies of this type also needed to clarify whether water column 

turbulence can be linked to vertical positioning, and whether light availability and positive 

phototaxis are significant factors. 

 

Well-resolved and ground-truthed coupled biological-oceanographic models for complex 

coastal regions remain at a relatively early stage of development compared with open ocean 

models (Alandsvik et al. 2009). Improvements in the ability of physical models to resolve 

three dimensional flow fields should lead to enhanced ability to accurately simulate larval 

dispersal patterns and processes. In Chapter 5, three types of vertical distribution patterns are 

applied to particle-tracking routines in a three dimensional hydrodynamic model of the Firth 

of Lorn, currently under development at the Scottish Association for Marine Science. By 

comparing the dispersal of particles given each routine from a variety of habitats, I hope to 

clarify the degree to which differences in larval vertical positioning influence the dispersal 

potential of cirripede species in this region. 
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4. Variations in larval sinking velocity and mass density as an influence on 

transport and dispersal 

 

4.1 Introduction 

 

Larval behaviour has long been thought to influence larval dispersal (Nelson 1912, 

Rothlisberg et al. 1995, DiBacco et al. 2001). Current velocities are often heterogeneous 

throughout the depth of the water column, as a result of any number of physical processes. 

These include wind-driven currents acting on surface waters (e.g. Hudon and Fradette 1993, 

Bertness et al. 1996, Garland et al. 2002), internal waves altering flow velocities at 

intermediate depths (Pineda et al. 2007), bottom friction, slowing flow velocities near the 

seabed (Largier 2003), and the oscillating flows of tidal currents (Hill 1994). Early studies of 

larval depth distributions in estuaries suggested that invertebrate larvae selected incoming or 

outgoing water masses such that their transport was directional, in contrast to the cyclical 

nature of the tide (Carriker 1951, Bousfield 1955). More recent studies have focussed on 

larval retention, suggesting that appropriate vertical positioning of larvae in the water column 

is a mechanism by which larvae avoid long-distance transport, and remain close to suitable 

habitat for settlement (Sponaugle et al. 2002, Morgan and Fisher 2010).  

 

Changes in vertical positioning may also determine the likelihood that a larva encounters 

suitable habitat at a suitable depth for settlement within its competency window. In the case of 

barnacles, this competency window is the period during which the barnacle larva is able to 

settle onto a substrate, beginning on metamorphosis to the non-feeding cyprid larva, and the 

duration of which is limited by the energy reserves of the individual (Lucas et al. 1979, 

Pechenik et al. 1993, Gosselin and Qian 1996). This period may last 2.5 – 4 weeks, with a 

decreasing probability of successful settlement with passing time (Lucas et al. 1979).  

 

Several authors have documented cyprid larvae at greater abundances lower in the water 

column than nauplii, suggesting that cyprids may sink more rapidly or actively swim towards 

the seabed (De Wolf 1973, Tapia et al. 2010). Alternatively changes in the density and body 

form of these larvae may mean that they are no longer able to swim upwards (Chia et al. 

1984). An increase in specific gravity (density) prior to settlement has been proposed as a 

mechanism to explain the accumulation of competent oyster larvae near the seabed in 
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turbulent conditions (Finelli and Wethey 2003), and the same may also explain greater 

abundances of cyprid larvae deeper in the water column. A streamlined shape may further 

reduce drag forces acting on cyprid larvae, increasing sinking rates towards suitable habitat 

and reducing lift forces acting on the larva, improving the cyprid’s ability to maintain its 

position near suitable settlement habitat (Jonsson et al. 2004). Nauplii may employ the 

opposite strategy, with numerous projecting, setous appendages of varying lengths, which 

may serve to increase drag and facilitate positioning in the upper portion of the water column 

(Chia et al. 1984). 

 

Diel vertical migration (DVM), implying differential swimming and sinking patterns between 

day and night, has recently been suggested as an influence on the vertical positioning of some 

species of barnacle nauplii (Tyburczy 2011), in contrast to other studies (Tapia et al. 2010). 

Evidence of DVM has been observed in the cyprids of some species (Chthamalus stellatus, 

dos Santos et al. 2007), but not others (Chthamalus spp., Balanus nubilus, Pollicipes 

polymerus, Tapia et al. 2010, Notobalanus flosculus, Notochthamalus scabrosus, Jehlius 

cirratus, Tyburczy 2011). Whether these responses are species-specific or location-dependent 

remains uncertain. However, if the intrinsic morphological and physiological characteristics 

can influence the sinking and swimming rates of cirripede larvae, they may play a role in the 

ability of a particular species to migrate vertically. 

 

Understanding vertical distribution changes across the larval life period is also necessary for 

successful modelling of larval dispersal, but is often one of the most difficult elements to 

accurately parameterize (Werner et al. 2007). For example, North et al. (2008) parameterized 

behavioural routines for two species of oysters within a hydrodynamic model of Chesapeake 

Bay, demonstrating that differences in larval swimming behaviour affected dispersal distance, 

population connectivity, and transport success. Other modelling studies have suggested that 

vertical swimming behaviour is a necessary element for successful transport of fish larvae to 

nursery grounds (Cowen et al. 2006, Fox et al. 2006): larvae cannot reach settlement habitat 

in significant numbers without it. 

 

Sundby (1983) suggested that our ability to study the vertical distributions of zooplankton 

depends on the use of appropriate field-based equipment for recording in-situ observations, 

such as the plankton pump used in Chapter 3. While vertically stratified plankton surveys can 

provide a useful insight into vertical distributions of invertebrate larvae, on many occasions it 

is only possible to sample on the order of 10’s of cubic metres of seawater at a handful of 
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stations over a short time period. Often, the time and expense required to carry out 

observational studies with high resolution over large coastal areas through time are 

prohibitive, so alternative tools for predicting larval vertical distributions over larger scales 

and in a greater variety of environments are necessary. These include both numerical 

modelling and laboratory-based experimental studies. 

 

Sundby (1983) also suggests that understanding the vertical velocities of the organisms in 

question, as well as turbulence and vertical movements in the mixed layer is important. 

Vertical velocities of zooplankton can be related to a number of properties including 

swimming behaviour. As few zooplankton are neutrally buoyant, they must expend energy to 

maintain their desired position in the water column, usually by swimming. Given that size, 

form, and mass density (or buoyancy) will influence passive sinking rates (Hutchinson 1967), 

these characteristics will also have a significant effect on the energetic balance achieved by an 

individual zooplankter. In this chapter, the term ‘mass density’ represents the mass per unit 

volume of an organism, in order to differentiate from ‘density’, which is often used to 

describe the number of individual zooplankters per area sampled in field surveys. 

 

A diversity of methods have been used to determine the mass density of zooplankton. These 

methodologies have often made use of the low Reynolds number of sinking zooplankters (Re 

< 5), using Stokes’ law to determine the density of an object in fluid flow. Reynolds number 

(Re) is a dimensionless index which describes the point at which laminar flow becomes 

turbulent, and is dependent on the velocity (U), density (ρ), and viscosity (η) of the fluid in 

question, and the characteristic length of the object in question (Vogel 1983): 

 

ηρ /)2(Re rUw ××=  (4.1) 

 

At low Re, the drag of an object depends on the viscosity of the fluid and inertia is of minimal 

importance. For sinking objects at low Re, acceleration ceases almost immediately and 

objects fall at a constant terminal velocity, so the sum of weight and buoyancy are balanced 

against resistance, or the drag force (Vogel 1983). By consequence, at low Re it becomes 

possible to measure the density of objects simply by understanding the size and velocity of 

the object and the viscosity of the medium.  
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For objects sinking at Re < 0.5, density (ρ, kg m-3) can be calculated using Stokes’ equation 

(eq. 4.2):  

5 = 9782:13 + 5; (4.2) 

 

where r is the equivalent spherical radius in (m), g is gravitational acceleration, U is the 

measured terminal velocity in (m s-1), η represents the dynamic molecular viscosity of 

seawater (kg m-1 s-1, calculated using the seawater library version 2.0.1 for Matlab by Phillip 

P. Morgan), and ρw is the density of sea water, in (kg m-3). 

 

For objects where 0.5 < Re < 5.0 density of a sinking object in kg m-3, ρ, computed using the 

equation of Dallavalle as applied in Sundby (eq. 4.3, Dallavalle 1948, Sundby 1983): 
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 (4.3) 

 

where Dmax is the maximum spherical diameter at a given terminal velocity for which Stokes 

equation is valid (see Sundby, 1983).  

 

Recent examples of studies using this concept include mass density measurements of the 

copepod Calanus finmarchicus and its eggs (Knutsen et al. 2001), as well as of the bryozoan 

Bugula neritiana (Burgess et al. 2012). The specific gravity (mass density) of the freshwater 

flea Daphnia pulex was recorded nearly 100 years ago using virtually the same approach as 

the one described here: using sinking velocity and organism size to determine the density of 

the organism (Eyden 1923). 

 

Many other approaches to this problem have also been suggested, including the use of 

solutions of different viscosities (Calanus finmarchicus, Gross and Raymont 1942), and 

density gradient columns (fish eggs, Coombs 1981). In each case, individual organisms are 

either sacrificed, or anaesthetized prior to experimental use. The choice of live or dead 

organisms, and/or of the choice of anaesthetic used may have implications for experimental 

outcomes, particularly in relation to the osmotic balance of the subject, which is actively 

regulated in response to environmental changes such as increasing salinity in live organisms. 

In the present study, only live individuals, anaesthetised in carbonated seawater, were tested 
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in a seawater medium, in order that the osmotic balance of the organism remain as close to 

that of a natural environment. 

 

Previous studies have reported both within- and between-stage differences in mass density of 

copepods (Calanus finmarchicus, Knutsen et al. 2001) and echinoderm larvae (Pteraster 

tesselatus, Kelman and Emlet 1999), as well as differences in sinking rates in the early life 

stages of crabs (Leptodius floridanus and Panopeus herbstii, Sulkin 1973) and oysters 

(Crassostrea virginica, Hidu and Haskin, 1978). This experiment aimed to identify changes in 

the sinking velocity and mass density of two species of cirripedes as they progressed through 

the larval life stages. Differences in sinking rates and mass density may have implications for 

larval energy budgets in relation to the effectiveness of swimming behaviour at different 

stages of larval development. These characteristics may also be responsible for any 

differences in vertical distributions across larval life stages, which, in turn, may influence 

horizontal transport patterns. For example, increased mass density in the later stages of larval 

development may facilitate sinking away from the surface and its associated greater current 

speeds to enable retention near suitable habitat for settlement. 

 

The intertidal barnacle species, Semibalanus balanoides and Austrominius modestus were 

selected for this experiment as adults of each species were easily obtained from the study 

region in order to extract embryos for laboratory rearing. S. balanoides is often the dominant 

barnacle species found along the open rocky coastlines of the study area, while A. modestus is 

an introduced species often found inhabiting both natural and artificial structures in brackish 

or estuarine environments, sheltered from significant wave exposure. The larvae of A. 

modestus are significantly smaller at all naupliar stages than those of S. balanoides (Ross et 

al. 2003, and references therein), and differences in mass density between the two species 

might suggest a mechanism responsible for differences in the vertical positioning and so 

transport of each species to its desired habitat within the coastal environment.  

 

In a similar experiment using Calanus finmarchicus, Knutsen et al. (2001) removed the 

antenna from each individual prior to sinking, in order that they not interfere with the 

orientation of sinking, or determination of mass density of each animal. However, in this 

instance it was decided not to remove any appendages from barnacle larvae both because of 

their small size (total length 0.51-0.58 mm for NII and 1.05-1.25 mm for NVI S. balanoides 

(Ross et al. 2003) as compared to 1.98-2.00 mm for adult female C. finmarchicus (Fleminger 

and Hulsemann 1977)), and because leaving the individual intact allows measurement of 
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natural sinking rates, which can then be compared to literature values of larval swimming 

speeds for each species. Additionally, the natural orientation of sinking of any of these 

organisms is dependent on appendages, and setation, so removing them may result in an 

unnatural sinking position, and changes in vertical velocities. It must be noted, moreover, that 

this experiment is hence calculating the overall mass density of the entire organism, rather 

than that of the main body. The filamentous setation on larval appendages will reduce this 

calculated density by increasing the volume of the individual without significantly increasing 

its mass. If larger, more heavily setose, later stage larvae are found to have similar densities to 

smaller, younger, less elaborately setose larvae, it may be that the increase in mass due to 

larger body size (which would increase sinking velocity) is being negated by the increase in 

volume resulting from the appendage setation (decreasing sinking velocity). 

 

4.2 Methods 

 

Experiments were timed to occur just before the period of naupliar release for each species, 

when adults were likely to be brooding embryos: February-March for Semibalanus 

balanoides, and July-August for A. modestus. S. balanoides is a known seasonal breeder, with 

single annual release of nauplii (Crisp 1962b), while A. modestus is known to release nauplii 

continuously throughout the year (Crisp and Davies 1955). The months of July and August 

where chosen for A. modestus as the months of peak brood density in adult populations.  
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4.2.1 Laboratory culturing of barnacle larvae 

 

Adults were collected from intertidal populations near the Scottish Association for Marine 

Science (Oban, Scotland) at Dunstaffnage Bay (S. balanoides) and the Barcaldine Marina (A. 

modestus, Figure 4. 1). Adult barnacles were carefully removed from the substrate using a 

sharp blade, taking care to keep the organism intact. Where present, embryos were extracted 

from the adult body cavity into filtered seawater, and significant numbers hatched to first 

stage nauplius (NI) larvae immediately, or following further breaking up of the embryo mass.  

 

 
Figure 4. 1: Locations of collection of adult barnacle specimens. A. modestus were collected at Barcaldine 

Marina, while S. balanoides were collected at Dunstaffnage Bay 
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Using a fine pipette, 15-20 larvae were randomly transferred to each of 40 sterilised 125 mL 

glass jars, with 100 mL 0.1 µm filtered and UV treated seawater. Each jar contained larvae 

from more than one parent, so that any maternal effects ((phenotypic effects on offspring 

resulting from phenotype of parents, unrelated to the offspring’s genome , Bernardo 1996) on 

larval health would be evenly distributed across experimental trials. Only vigorous, 

photopositive NI larvae were collected for experimental use. In the case of A. modestus, all 

seawater used was also autoclaved, following the appearance of a fungus-like growth during 

the earlier S. balanoides experiment. Approximately 30 NI larvae were set aside in a separate 

container for immediate determination of sinking velocity (experimental day 0). Nauplius 

stage two (NII) to six (NVI) larvae were used in further sinking experiments, as were cyprids, 

where larvae successfully achieved this stage. 

 

During the rearing period, larvae were maintained in temperature controlled rooms at 15°C on 

a 12:12 light:dark cycle, and fed a diet of the diatom Skeletonema costatum (strain 1077/1B 

from the Culture Collection of Algae and Protozoa, Scottish Marine Institute, Oban), at 

concentrations of 105 cells ml-1 in each jar. Stone (1989) demonstrated that both S. balanoides 

and A. modestus nauplii develop well with good survival rates on a diet of larger algae such as 

S. costatum. Culture seawater was changed on alternate days to larval sinking experiments.  

 

4.2.2 Experimental determination of larval sinking velocity 

 

On day 0, the sinking velocities of 30 newly hatched larvae were recorded in succession. For 

the remainder of the experiment, the sinking velocities of up to 10 vigorous larvae from each 

of three randomly selected jars (trials) were measured on every other day. For each trial, an 

experimental sinking column of known temperature (15°C) was established (Figure 4. 2), and 

the salinity of the water column measured. 

 

Prior to introducing larvae into the column, larvae were placed in a watch glass and 

anaesthetized over 3-5 minutes by adding a few drops of carbonated seawater to the solution. 

Carbonated water is a successful narcotizing agent for freshwater crustacean zooplankton 

(Gannon and Gannon 1975), and it was found that carbonated seawater had similar effects on 

barnacle larvae, which could be revived from analgesia when returned to normal seawater 

following 10 minutes of exposure.   
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Once sufficiently anaesthetised, a single larva or cyprid was positioned in the middle of the 

surface of the column using a fine glass pipette, and was allowed to sink. After an initial 10 

cm sinking distance, the time elapsed for a larva or cyprid to sink a distance of 10 cm was 

recorded. On some occasions more than one consecutive measurement was recorded, as very 

small larvae were often difficult to observe in the column. However, for objects sinking at 

very low Reynolds numbers, terminal velocity is reached almost instantaneously (Vogel 

1983), so sinking rates should be equivalent at all depths of a water column with consistent 

properties throughout. Larvae sinking along, or in close proximity to the walls of the Perspex 

water column were excluded from further analysis to avoid ‘wall effects’ on sinking velocity 

(Vogel 1983). Any larvae floating, or coming to a stop during the sinking process were also 

excluded. After each trial, the contents of the column were washed through a 65 µm mesh 

sieve, and the larvae preserved in 4% buffered formalin solution.  

 

 

    
 

Figure 4. 2: Experimental apparatus for determination of larval sinking rates, comprised of a transparent 

Perspex column (length = 74 cm, internal radius = 3.15 cm) mounted on a wooden support frame and 

filled with 0.1 µm filtered, UV treated seawater. All measurements of sinking rates take place in a 

darkened controlled temperature room held at 15°C. The column is lit from the side by a panel of four 

halogen bulbs to increase the visibility of sinking larvae against a black background. While swimming 

larvae are positively phototactic, the anaesthetized larvae used here were unresponsive to light cues from 

the lighting panel.  
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Larvae used in each sinking trial were preserved for later measurement under a stereo 

microscope. Dimensions measured for nauplii include: total length, shield length, shield 

width, shield depth, and dorsal thoracic spine length (Figure 4. 3). For cyprids, total length, 

body width, and body depth were measured (Figure 4. 3). The volume of each barnacle larva 

was calculated by modelling it as a form comprised of an ellipsoidal cone and one half of an 

ellipsoid joined with a common ellipse as a base (Figure 4. 4). While the cephalic shield of 

the cirripede nauplius is flatter on the ventral side, and so not perfectly ellipsoidal, the labrum 

and appendages extending from the ventral side of the larva (not shown in Figure 4. 3 and 

Figure 4. 4) essentially increase the volume of the larva along the ventral margin. Because of 

this increase in volume resulting from the labrum and appendages, the cephalic shield depth, 

SD (Figure 4. 3) is used as a minor-axis radius when calculating the volume of the ½ ellipsoid 

component of the larval volume approximation. Cyprids are modelled as ellipsoids (Figure 4. 

4). 

 

 

 
 

Figure 4. 3: Measurements recorded for all larvae retrieved from experimental water column. For nauplii 

(A & B), total length (TL), shield width (SW), shield length (SL), shield depth (SD), and dorsal thoracic 

spine length (DTS) were recorded, while for cyprids (C) total length (TL), body depth (BD), and body 

width (BW) were recorded. 
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For barnacle nauplii, volume was calculated as:  
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(4.4) 

 

where a is the shield depth, b is ½ of the shield width, and h is ½ of the total length.  

 

For cyprids, volume is calculated as: 

 

abhVc π3/4=  (4.5) 

 

where a is ½ the body depth, b is ½ of the body width, and h is ½ of the total length.  

 

 

 

 

 Figure 4. 4: Geometric approximations of barnacle nauplii (left) and barnacle cyprids (right), as 

illustrated for S. balanoides. The volume of nauplii is calculated as the combined volume of ½ ellipsoid 

added to the volume of an ellipsoidal cone with a common ellipse as a base. Cyprids are modelled as 

ellipsoids. 
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The equivalent spherical radius (ESR, or nominal radius) of each nauplius or cyprid is then 

calculated as the radius of a sphere of equivalent volume, mass, and density to the barnacle 

larva:  

 

<= = <> = 43A:B 

 

(4.6) 

where Vn, the volume of the nauplius is equivalent to Vs, the equivalent volume of a sphere, 

rearranged to solve for ESR, or r: 

 

: = C0.75<=AF
 

(4.7) 

 

In order to relate the calculated ESR of each larva to a particular sinking velocity 

measurement, two alternative models are suggested: 

 

1. Trial (jar) means of both sinking velocity and ESR are modelled against each other. This 

method represents a significant loss of information, particularly if the larvae within a trial 

represent more than one naupliar stage. However, if within-trial variance is great, this model 

may produce a more reliable outcome. 

 

2. Measured velocity is modelled against ESR using rank-matched pairings within each trial. 

For example, the slowest velocity within each trial is paired with the smallest ESR, and so on. 

This model implicitly assumes that velocity and larval size are positively correlated at low to 

intermediate Reynolds numbers (Re), because a larger radius implies a larger volume, 

resulting in a larger net weight for a given density (Vogel 1983).  

 

As would be expected, the day of experiment and larval stage were correlated with ESR 

(Table 4. 1), as larvae grow and progress through the larval stages over time. Graham (2003) 

quantified the impact of colinearlity on regression analysis, and found that even minor 

colinearity can bias model parameterization, decrease statistical power, and cause significant 

predictor variables to be excluded from models. In order to reduce colinearity, larval stage 

and day of experiment were not included in this preliminary regression. Velocity is log-

transformed in order that data achieved homogeneity of variance.  
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More of the variability in sinking velocity was explained by ESR in model 1 for S. balanoides 

(R2=0.37 for model 1, R
2=0.23 for model 2, Table 4. 2), but the opposite was true for A. 

modestus (R2=0.14 for model 1, R2=0.20 for model 2, Table 4. 2). However, model selection 

cannot be based purely on R
2, and while both models are acceptable with regards to the 

assumptions of a linear regression model (normality, homogeneity of variance, fixed x, and 

independence, Zuur et al. 2009), model 2 better meets these assumptions for both S. 

balanoides and A. modestus (Figure 4. 5). In further analysis, model 2, rank-matched pairings 

of sinking velocity and ESR, was used for further analysis and determination of larval mass 

density. Heterogeneous variance was dealt with in later statistical models using a pre-

determined variance structure. 

 

 

Table 4. 1: Pearson correlation coefficients between ESR, Stage and Day for S. balanoides and A. modestus 

sinking experiments. 

 ESR Stage Day 

S. balanoides    

ESR - - - 

Stage 0.89 - - 

Day 0.81 0.91 - 

A. modestus    

ESR - - - 

Stage 0.74 - - 

Day 0.68 0.67 - 
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Table 4. 2: Model comparison for log-transformed larval sinking velocities compared to ESR. 

Model 1 uses trial means of sinking velocity and ESR, Model 2 uses within-trial rank-matched 

pairings of sinking velocity and ESR. 

 

 R
2 

F-stat residual DF p 

S. balanoides 

    Model 1 

    

 0.3716 20.11 34 7.929x10-5 

    Model 2     

 0.2296 67.45 222 1.776x10-14 

A. modestus 

    Model 1 

    

 0.1406 5.743 28 0.02348 

    Model 2 

 

 

0.1978 

 

48.34 

 

191 

 

5.525x10-11 

 

 

 

Following this preliminary modelling exercise, it was decided that ESR be used as the 

primary predictor variable. Larval stage is dealt with in further within-species analyses, while 

day of experiment was deemed to be unnecessary, as larval duration and progression through 

the naupliar stages are dependent on temperature, which fluctuates in the marine environment. 

Furthermore, by using ESR (a proxy for particle size) the results of this study may be applied 

to other larvae or particles in the marine environment. Differences in sinking velocities 

between species and between larval stages within species were determined using a generalised 

least-squares ANOVA method with restricted maximum-likelihood estimation (REML) in 

order to account for correlated-error and non-constant error-variance structures. All linear 

modelling was carried out using the R software package (R Development Core Team 2011). 
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Figure 4. 5: Model 2, rank-matched pairings of log-transformed velocity and ESR of sinking larvae, where regression line represents values predicted by model 2 (A), S. 

balanoides, (B), A. modestus. Model 2 residuals plotted against ESR (C), S. balanoides, (D), A. modestus. Model 2 was the best model outright for A. modestus, but the R2 for 

model 2 was less than for model 1 in the case of S. balanodies. However, model 2 better met the assumptions of a linear model than model 1 when applied to the S. balanoides 

data, as exemplified by the residual spread in (C).  

(A) (B) 

(C) (D) 
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4.2.3 Determination of larval density 

 

At low Reynolds numbers, when a body of water is enclosed by walls and ends, so called 

‘wall effects’ serve to increase the drag forces acting upon a sinking object. However, the 

equation derived by Dallavalle (1948) and adapted by Sundby (1983) to calculate the density 

of objects based on their terminal velocity makes the assumption of an infinite medium. As a 

result, the measured sinking velocities of barnacle were calibrated, in order that that they were 

representative of larvae sinking in a medium of infinite width and depth. This velocity is 

referred to as the ‘adjusted sinking velocity’ ( ∞U ), and was calculated using the empirical 

relationship developed by Newman and Searle (1957): 

 

)]/(3.31[)]/(4.21[ HrRrUU +•+=∞  (4.8) 

 

where U represents the measured terminal velocity within the sinking column, r is the ESR, R 

is the radius of the enclosed sinking column, and H is the height of the column. For the 

sinking column used here with a radius of 3.15 cm and a length of 74 cm, the magnitude of 

this correction was approximately 1.04 (i.e. sinking velocities would be approximately 1.04 

times faster in an infinite medium). 

 

Preliminary calculations of Re for all larval stages sinking at a range of velocities, using 

average dimensions supplied in Ross et al. (2003), indicated that the majority of S. balanoides 

larvae would sink in the intermediate region, where Re > 0.5, but before motion becomes 

entirely turbulent. A. modestus larvae and cyprids, on the other hand, would sink across a 

lower range of Reynolds numbers, and smaller nauplii were likely to have Re < 0.5. The 

expected relationship between Reynolds number and sinking velocity, as calculated above, is 

described in Figure 4. 6.  

 

Once sinking velocity was transformed (to an ‘adjusted sinking velocity’ for an infinite 

medium), the Reynolds number at which each individual sank was determined using equation 

4.1 and the calculated ESR for that individual. Where Re was determined to be less than 0.5, 

equation 4.2 was then used to calculate the mass density of the sinking larva. Where 0.5 < Re 

< 5, equation 4.3 was used, where Dmax for each sinking larva was calculated using the 

equation for the determination of Reynolds number, equation 4.1. 
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Most barnacles are osmoconformers (Rainbow 1984), and so will adjust the osmolarity of 

their internal fluids in response to the salinity of the surrounding seawater. As such, the 

difference in density between the seawater medium and that calculated for each larva was 

used as an indicator of mass density. This is preferred to the absolute density of the organism, 

which may fluctuate with alterations in the density of the medium resulting from changes in 

salinity, or less likely, changes in temperature.  

 

Generalized least-squares models were used to explore the relationship between the relative 

size of barnacle larvae and corresponding sinking velocity. Larval density was further 

analysed using a hypothesis testing approach to determine if larval densities were 

significantly different from that of the surrounding seawater, and whether or not there were 

significant density differences between naupliar stages, and between species. 
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Figure 4. 6: Predicted Reynolds numbers of hypothetical S. balanoides (A) and A. modestus (B) larvae 

sinking across a range of velocities, based on previously published linear dimensions of larvae (Burrows 

1988, and references therein), calculated from equation 4.8 for seawater of ρ = 1.028 x 103 kg m-3 and η = 

1.391 x 10-3 kg m-1s-1. For velocities achieved in this experiment, it is expected that larvae will sink at 

0.5<Re<5.0, so it is appropriate the the density of larvae be calculated using the equation of Dallavalle as 

applied in Sundby (Dallavalle 1948, Sundby 1983). Horizontal lines represent Re = 0.5.  
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4.3 Results  

 

During the S. balanoides experiment, two data points were excluded where the larva either 

floated, or came to a stop in the water column: one on day 8 of the experiment (observation 2, 

of trial 2), and one on day 10 (observation 1, of trial 3).  

 

In the A. modestus experiment, two outliers were apparent after an initial processing of the 

sinking rate and larva size data. Observation 4 on day 0 of the experiment had an 

exceptionally high sinking velocity, nearly seven times faster than the majority of other 

observations. However, experimental notes revealed that there was a degree of uncertainty as 

to whether or not the sinking object could be identified as a larva (it may have been a particle 

of dust), and so this data point was removed. Additionally, following preliminary analysis of 

larval sizes and sinking velocities, a larva identified as a stage NI on day 0 may have been 

misidentified, as both the ESR and sinking velocity of that individual were within the range of 

NII larvae. This individual may have been a newly metamorphosed NII larva, whose 

frontolateral horns were not fully extended at the time of use in the experiment. As such, 

while excluded from statistical analyses with regards to larval stage, it is included in analysis 

of the overall dataset. 

 

Within-stage variation in larval dimensions increased as S. balanoides progressed through the 

naupliar stages (Figure 4. 7). This may have resulted from persisting maternal effects or 

differential feeding success becoming more apparent with passing time. In S. balanoides, the 

range of ESR for NII larvae ranged from 0.10 mm to 0.18 mm. This was nearly half the range 

of ESR of NVI S. balanoides, which was from 0.22 mm to 0.37 mm – a span of 0.15 mm 

(Figure 4. 7). Overall, the spread in ESR was greater for A. modestus than for S. balanoides, 

though the majority of Austrominius modestus larvae used in this experiment were either at 

NII or NIII, with NIII larvae appearing on day 4 of the experiment. Only two A. modestus 

larvae progressed to NIV, appearing on day 12.  
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Figure 4. 7: ESR of S. balanoides (A), and A. modestus (B), after application of rank-matched pairings. 

Only two NIV A. modestus larvae were observed. 

 

(A) 

(B) 
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4.3.1 Reynolds numbers  

 

All barnacle larvae of both species sank at Re < 5, while 285 of 418 observations (68%, prior 

to removal of outliers) consisted of larvae at Re < 0.5. Of larvae where Re < 0.5, 61.7% 

consisted of A. modestus larvae, making up 91% of all A. modestus larvae used in this 

experiment. The overall mean Re for A. modestus was 0.324 (std. dev. 0.16), while for S. 

balanoides it was considerably higher, at 0.615 (std. dev. 0.47, Figure 4. 8), though this 

included S. balanoides NV, NVI, and cyprid larvae, which were not present in the A. modstus 

experiment. For NII-NIV larvae, mean Re was similar between species, at 0.354 (std. dev. 

0.24) for S. balanoides and 0.332 (std. dev. 0.16) for A. modestus ( Figure 4. 8), so the 

majority of barnacle larvae sank at low Reynolds numbers. In this experiment, the divide 

between low and intermediate Re was close to, but slightly greater than the theoretical value 

of 0.5 (Figure 4. 9). 

 

In both species, Reynolds number consistently increased as larvae progressed through the 

naupliar stages, with the exception of the cyprid stage, whose Re was less than that of NVI 

larvae because of its relatively smaller ESR. Particularly for S. balanoides, while Re increased 

with increasing naupliar stage, the distribution of Re broadened within each stage. However, 

S. balanoides NI nauplii had greater sinking velocities than would be expected from their 

ESR (Figure 4. 9) when compared with other stages, which related to higher than expected 

Re. 
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 Figure 4. 8: Frequency plots of Reynolds numbers for sinking S. balanoides and A. modestus larvae. (A) S. 

balanoides by larval stage, (B) A. modestus by larval stage. *NIV A. modestus curve is based only on 2 

observations.  
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Figure 4. 9: Sinking velocities of A. modestus and S. balanoides when compared with ESR. The solid line 

represents the theoretical ESR-sinking velocity relationship where Re=0.5 for the range of ESR in these 

experiments. Unfilled shapes (triangles or circles) represent newly hatched larvae from day 0 of each 

experiment. 

 

 

 

4.3.2 Sinking velocity  

 

On first inspection, the relationship between larval body size (ESR) and sinking velocity 

appeared to differ not only between species, but also between newly hatched larvae and those 

measured on days 2 - 22/24 of the experiment (Figure 4. 10). The newly hatched larvae were 

not likely to have had sufficient time to fully extend their appendages, and were not allowed 

to feed, so these were analysed separately to the remainder of larvae. As such four sets of 

analysis were carried out on the following four day/species combinations:  

 

1. Day 0 Austrominius modestus 

2. Days 2-22 Austrominius modestus 

3. Day 0 Semibalanus balanoides 

4. Days 2-24 Semibalanus balanoides 

 

Relationships between sinking velocity and size, species, and day of sinking using were 

investigated using a generalised-least-squares (GLS) method to account for non-homogeneous 
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variance structures in certain day/species combinations. A power of the covariate variance 

function was applied to allow for increase in residual spread with increasing ESR, but only for 

certain day/species combinations (Zuur et al. 2009), in this case for older S. balanoides larvae. 

This can be summarised by a regression model of the form: 

 8#$ = 	�(�:"�'( + :#$ + �2$ + :#$: �2#$ + ,#$ 
where:    H�:(,#$)~0$1 × J�2#$J1K 

(4.9) 

 

for a given individual, i, of any day/species (DS) combination, j, as listed above. 

 

Figure 4. 10 shows a clear species effect: regression intercepts for A. modestus and S. 

balanoides are significantly different both for day 0 larvae and for larvae used on the 

remainder of experimental days (p < 0.01 in all cases, Appendix 7). The significance of the 

interaction term :#$: �2$ is used to determine whether any differences exist in the relationship 

of sinking velocity with ESR (as represented by the slope of the regression line) between DS 

levels, with respect to a chosen DS reference level. For instance, in Figure 4. 10 the slope of 

the predicted regression line for day 2-24 S. balanoides larvae is significantly different 

relative to the remainder of regression slopes (p < 0.01 in all cases, Appendix 7), but 

differences between A. modestus day 0, A. modestus day 2-22, and S. balanoides day 0 larvae 

are less obvious. While the relationship between ESR and velocity was not significantly 

different between newly hatched and older A. modestus larvae (as determined by regression 

slopes, p = 0.152), day 0 S. balanoides was somewhat similar only to older A. modestus (p = 

0.050).  
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Figure 4. 10: Generalised-least squares regression of larval sinking velocities compared to size for all 

larvae, using a power of the covariate variance structure, which allows for increase in spread of sinking 

velocities for larger ESR, particularly for older S. balanoides larvae. (A) Sinking velocities of A. modestus 

S. balanoides larvae compared with ESR. Unfilled points represent larvae used on day 0 of each 

experiment, while black lines represent the fitted model. (B),(C) normalised residuals of fitted model.   

 

 

Semibalanus balanoides  

Within S. balanoides, day 0 larvae had greater sinking velocities than expected for their body 

size, when compared with larvae from days 2-24 of the experiment. Mean sinking velocities 

increased with increasing larval stage, though variance around each stage-mean was not 

consistent (Figure 4. 11). While this may have been related to within-stage variation in size, 

which remained relatively consistent between NII and NV and increased at the NVI and 

(A) 

(B) (C) 
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cyprid stages, more advanced larvae will also have had a longer development time, allowing 

cumulative differences in feeding success and any maternal effects to become apparent. To 

accommodate this unequal variance, a GLS method was used to fit the regression by REML, 

incorporating a variance structure in the manner previously described. 

 

 
Figure 4. 11: (A) Sinking velocities for Semibalanus balanoides larvae across larval stages, n=225. W, X, 

Y, and Z represent significantly different groupings of sinking velocities by larval stage (*p < 0.05, **p < 

0.01). (B) Normalised residuals of generalised least-squares model, with fixed variance structure  

 

 

Larval sinking velocities could be grouped into four distinct groups. NI and NII larvae were 

dissimilar to the remainder of larval stages (Figure 4. 11). Differences between NI and NII 

larvae were apparent (mean sinking velocities NI = 0.67 mm s-1, NII = 0.82 mm s-1), but less 

significant than the remainder (t-stat: 2.19, p: 0.030), though only two NI larvae were 

recorded beyond day 0 of this experiment. The sinking velocities of NIII – NV larvae also 

grouped together, as did NVI and cyprid larvae (Figure 4. 11). However, the divide between 

these two groups is less clear, as differences in mean sinking velocities between NV and NVI 

nauplii were only just non-significant at the 0.05 level (t-stat: 1.93, p: 0.060). 

 

 

 

(A) (B) 
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Austrominius modestus 

During days 2-22 of the A. modestus experiment, only NII – NIV larvae were observed. Of 

these, only two reached NIV, on day 12 of the experiment. On day 17 of this experiment, 

there was a failure of the constant temperature room, which was found at 23°C, rather than the 

pre-set 15°C. All cultures were moved to an alternative room of similar temperature (18°C) 

for the remainder of the experiment. 

 

A similar approach to that described for S. balanoides was used for A. modestus sinking 

velocities. Distinct differences were observed in sinking velocities between NII and NIII – 

NIV larvae, though the results for NIV larvae must be treated with caution, as only two larvae 

metamorphosed to NIV during this experiment (Figure 4. 12). NIII and NIV A. modestus 

larvae grouped together in terms of sinking velocities (t-stat: -1.778, p: 0.078), but again this 

must be treated with caution given the low sample size of NIV larvae (n = 2). 

 

 
Figure 4. 12: (A) Sinking velocities for Austrominius modestus larvae across larval stages, n=190. X and Y 

represent significantly different groupings of sinking velocities by larval stage (**p < 0.01). (B) 

Normalised residuals of generalised least-squares model, with fixed variance structure 

 

 

(A) (B) 
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4.3.3 Mass density  

 

A similar GLS method was used to determine the influence of ESR and day/stage on larval 

mass density, using the combination of variance structure to allow for an increase in residual 

spread with increasing ESR, as well as a different spread per day/stage (Zuur et al. 2009). 

This can be summarised by a regression model of the form: 

 5#$ = 	�(�:"�'( + :#$ + �2$ + :#$: �2#$ + ,#$ 
where:    H�:(,#$)~0$1 × �1K	×LMNO (4.9) 

 

for a given individual, i, of any day/species (DS) combination, j, as listed previously. 

 

All larvae included in this experiment were negatively buoyant (∆ρ > 0, Figure 4. 13). In day 

0 A. modestus larvae, ∆ρ did not increase with increasing ESR (slope not significantly 

different from 0, p = 0.990), and these larvae grouped into two groups of similar ESR (Figure 

4. 13). Further investigation revealed that these represented NI and NII larvae observed on 

day 0, and though a stage-effect was apparent (NII larvae are larger), there was not a 

significant interaction between naupliar stage and density (p: 0.868), so these were grouped 

together for comparison with the remainder of larvae.  

 

∆ρ for the remainder of A. modestus larvae and for day 0 S. balanoides larvae increased with 

increasing larval size, and so differed (p: 0.015 and < 0.005, respectively) from newly hatched 

A. modestus. For the remainder of S. balanoides larvae, however, the difference in density 

between the larvae and the surrounding seawater decreased with increasing naupliar size. That 

the ESR-∆ρ relationship did not change between day 0 larvae and more advanced A. modestus 

larvae may reflect their less successful developmental progress, as indicated by the greater 

spread in ∆ρ for a given ESR range, and the failure of the majority of individuals to develop 

beyond NIII.  
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Figure 4. 13: Generalised-least squares regression of ∆ρ (mass density larva – density of seawater) 

compared to size for all larvae, using a combinaiton variance structure allowing for greater redisual 

variance with increasing ESR, and differences in spread between day/species combinations. (A) ∆ρ of A. 

modestus and S. balanoides larvae compared with ESR. Unfilled points represent larvae used on day 0 of 

each experiment, while black lines represent the fitted model. (B), (C) normalised residuals of fitted 

model. 

 

 

Semibalanus balanoides 

Within S. balanoides larvae observed on days 2-24 of the experiment, larval density generally 

decreased with increasing naupliar stage, except for cyprid larvae, which had greater 

(A) 
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calculated mass densities than the previous two stages. While heterogeneity of model 

residuals was generally solved using a similar approach to above (a GLS method with a fixed 

variance structure based on naupliar stage brought the majority of residual spreads for each 

stage within range of each other), the spread of ∆ρ for NII S. balanoides remained larger than 

for the rest, coufounding differences in ∆ρ between some larval stages.  

 

Some significant groupings in ∆ρ between naupliar stages were apparent. The strongest 

grouping occurred between NV and NVI larvae, whose ∆ρ was significantly lower than the 

remainder of larval stages (Figure 4. 14, all t > |2.00|, p < 0.01), indicating that their mass 

densities were closest to that of surrounding seawater. NI – NIII larvae could also be grouped 

together, though the ∆ρ of NI and NII were less similar (t: -2.02, p: 0.045) than that of NI and 

NIII larvae (t: -0.932, p: 0.352). The difference in ∆ρ between NIII and NIV larvae was also 

marginal (t: -1.66, p: 0.098), while NIV and cyprid larvae grouped together much more 

strongly (t: -0.883, p: 0.378, Figure 4. 14). Similar to NII larvae, the greater residual spread of 

NIV observations may be confounding the significance of these groupings. 

 

 

 
Figure 4. 14: (A) Difference in density between Semibalanus balanoides larvae (ρ) and density of seawater 

(ρw) across larval stages, n=225. X, Y, and Z represent significantly different groupings of sinking 

velocities by larval stage (*p < 0.05, **p < 0.01). (B) Normalised residuals of generalised least-squares 

model, with fixed variance structure 
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Austrominius modestus 

Within A.modestus larvae observed on days 2 – 22, residual heterogeneity was less 

pronounced between NII and NIII larvae than between stages in S. balanoides (Figure 4. 15). 

Only two of the 190 larvae were observed at NIV, so the spread of data at this stage was 

considerably less than for NII and NIII. Heterogeneity was improved with a GLS method with 

a fixed variance structure, again based on naupliar stage.  

 

No significant differences in mean ∆ρ between NII and NIII were observed (t: 0.550, p: 

0.577). As for S. balanoides, the ∆ρ of NIII and NIV larvae were not significantly different (t: 

1.632, p: 0.105), but NIV could be marginally differentiated from NII larvae, with a t-value 

greater than |2| for the comparison (t: 2.635, p: 0.009). Even so, the small sample size in this 

stage may be misleading, and so it is difficult to make any definitive groupings including NIV 

A. modestus larvae. 

 

 
Figure 4. 15: (A) Difference in density between Austrominius modestus larvae (ρ) and density of seawater 

(ρw) across larval stages, n=190. Naupliar stage 7 represents cyprid larvae. While no significant difference 

is apparent in mean ∆ρ between NII and NIII larvae (t: 0.559, p: 0.577), NIV larvae have a marginally 

different ∆ρ, particularly when compared with NII (t: 2.635, p: 0.009). (B) Normalised residuals of 

generalised least-squares model, with fixed variance structure 
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4.3.4 Density contrast 

 

The mean density contrasts (ρlarva/ρwater) of S. balanoides and A. modestus (1.023 kg/m3 and 

1.079 kg/m3, respectively) were significantly different (Figure 4. 16). In both species, density 

contrast remained fairly consistent across the range of ESR observed, though there was much 

more variation within A. modestus than S. balanoides, again, possibly as a result of the poor 

metamorphosis of those larvae past NIII. 

 
Figure 4. 16: Density contrasts of S. balanoides (n = 225) and A. modestus (n = 190). The mean density 

contrast of each species differed significantly (S. balanoides: 1.023 kg/m3, A. modestus: 1.079 kg/m3, 

U=1534, p < 2.2 x 10-16). 
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4.4 Discussion 

 

This study has produced the first measurements of sinking velocities, mass densities, and 

density contrasts of cirripede larvae, for the species A. modestus and S. balanoides. A clear 

species effect was observed across these measurements, suggesting that the hydrodynamic 

properties of different species of larvae may play a role in their transport throughout the larval 

stages. For example, the relationships between the relative size, mass density, and sinking 

rates differed between species: while the mass density of the larger S. balanoides larvae 

decreased with increasing body size, sinking velocities increased. For the smaller A. 

modestus, both mass density and sinking velocities increased with increasing naupliar size. 

The overall range of sinking velocities, however, was similar between species, so the greater 

mass density of the smaller A. modestus larvae could have produced sinking velocities 

equivalent to those of the larger S. balanoides. Within each species, it was possible to group 

naupliar stages together relative to sinking velocities and density, potentially reflecting 

similarities in physiology or morphology within these groups. Finally, A. modestus and S. 

balanodies were determined to have significantly different density contrasts, which may be 

useful for the development of acoustic identification techniques for these relatively small 

zooplankton. 

 

The larvae used in both experiments were all taken from adults of the same populations 

(Dunstaffnage, for S. balanoides, and Barcaldine Marina, for A. modestus). The A. modestus 

larvae used in this experiment did not appear to develop well through the naupliar stages, 

despite being subjected to the same experimental conditions as the S. balanoides cultures, and 

to similar conditions as used to successfully rear A. modestus by Harms (1986) and Stone 

(1989). A malfunction of the controlled-temperature room on day 18 of the experiment may 

also have affected larval development. Following this malfunction, larval cultures were 

moved to another controlled-temperature room at a slightly higher temperature (18.2 °C), 

where larval development should have been accelerated, rather than stunted (Harms 1986). 

All NII and NIII A. modestus larvae identified in this experiment were within the size ranges 

observed by Knight-Jones and Waugh (1949), though it is worth noting that these are virtually 

equivalent for both stages (total length: 0.36-0.43 mm for NII, 0.35-0.43 mm for NIII). 

 

Other factors external to the experiment may have influenced the development of these 

nauplii, though these are somewhat speculative. For example, the larvae for each experiment 

were obtained from two different locations. During morphometric analysis of the A. modestus, 
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numerous malformations of larvae were noted, including very small dorsal thoracic spines, 

and poorly developed setation on appendages, particularly of NIII and NIV larvae. The 

dispersal of chemical solutions in seawater has been suggested to cause abnormal 

metamorphosis of A. modestus larvae, resulting naupliar malformation (Tighe-Ford 1977). A. 

modestus is a commonly used species in marine toxicological assays, and substances 

including insect juvenile hormone analogues (Tighe-Ford 1977, Mortlock et al. 1984) and 

endocrine disrupting chemicals (Billinghurst et al. 2001) have been linked to under-

development and/or malformation of larval appendages and acceleration or deceleration of 

metamorphosis. Given that the A. modestus larvae used in this experiment came from a 

marina location, rather than open coastline, it is possible that adults were exposed to 

substances affecting reproductive success and naupliar development; this could be further 

verified by assessments of water quality which were not carried out as a part of this 

experiment. 

 

4.4.1 Species-related differences in sinking velocity and mass-density 

 

The morphological and hydrodynamic properties of marine larvae may influence propagule 

specific gravity, swimming behaviour, and horizontal transport which may, in turn, affect 

larval dispersal processes. For epibenthic organisms, a region of depressed flow (also known 

as the benthic boundary layer) exists at the habitat-water interface. Not all of these organisms 

employ broad-reaching larval dispersal as a reproductive strategy, but for those that do it may 

be important that propagules are able to escape the boundary layer into the faster free-stream 

velocities of the upper water column (Vogel 1983). Similarly, these larvae must then be able 

to return to benthic habitat to successfully settle, which may be achieved through a 

combination of sinking and active swimming behaviour (Jonsson et al. 2004). Furthermore, 

the density of larvae and associated sinking velocities may influence propagule energy 

budgets and vertical positioning in the water column, affecting the amount of energy 

expended during bouts of upward swimming and overall buoyancy of an individual (as 

reviewed in Chia et al. 1984). 

 

In this experiment the observed sinking velocities, and calculated Reynolds numbers and 

mass densities of sinking cirripede larvae corresponded well with results obtained for other 

invertebrate species. Generally, sinking velocities increased with increasing particle size, as 

predicted by equations 4.2 and 4.3, rearranged to solve for U, or velocity. This is because for 
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a given density, larger objects will weigh more (Vogel 1983). For example, Pteraster 

tesselatus larvae are smaller than both A. modestus and S. balanoides, and have been 

demonstrated to have lower sinking velocities, of less than 5.0 mm/s (deciliated larvae, 

Kelman and Emlet 1999), which is less than recorded for all but three observations from the 

present experiment (two NIII S. balanoides, and one NII A. modestus). Furthermore, the eggs 

of the calanoid copepods Calanus finmarchicus and Calanus glacialis have been shown to 

sink at even slower speeds (0.0003 – 0.0004 m/s), but are also of substantially smaller size 

(Knutsen et al. 2001).  

 

Larger cirripede nauplii tended to have lower overall mass densities, but still sank at greater 

velocities than smaller nauplii. Vogel (1983) demonstrated the importance of size (volume) 

over shape for phytoplankton, finding that most variation in sinking rates could be attributed 

to variation in the size, rather than the shape of the organism. While the increased size and 

complexity of appendages can increase the drag forces acting on passively sinking larvae 

(Emlet 1983), in this experiment the effect of increasing larval size with progression through 

naupliar stages was not offset, and larger larvae consistently sank at greater velocities. 

Additionally, at low Re, viscosity is significant, and very little seawater is likely to flow 

through the spaces between setae (Vogel 1983), hence increasing appendage size can be 

equivalent to an increase in overall larval size (albeit with a decrease in mass density given 

that seawater is less dense than the appendage material). 

 

While the size and complexity of appendages can affect drag acting on passively sinking 

larvae (Emlet 1983), appendages with increased surface area are also more effective during 

swimming behaviour and may counteract the increased sinking velocities of larger individuals 

(Chia et al. 1984). When combined with their lower densities, older nauplii may be better able 

to maintain position in the water column, relative to available food supplies, particularly in 

later stages, where energy intake is important for lipid storage in advance of metamorphosis 

to the non-feeding cyprid stage (Hentschel and Emlet 2000). This may also promote increased 

transport and more substantial dispersal away from adult populations during these stages.  

 

Barnacle species living in more wave-exposed coastal conditions tend to have larger larvae 

than those in sheltered locations (Burrows et al. 1999), and it has been proposed that this may 

increase the dispersal potential of these species (Moyse 1963). While A. modestus larvae are 

smaller than S. balanoides larvae, they were observed to sink at greater velocities. There is a 

clear species effect on sinking velocity, which can be explained by reconsidering equations 
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4.6 and 4.7. Where ESR (or r) is held constant, in a similar medium only the density of the 

organism affects sinking velocity. In order that A. modestus larvae have higher sinking 

velocities for a particular size, they must have a higher density, which is reflected by the mass 

densities calculated in this experiment. It is uncertain as to whether this greater calculated 

mass density was a result of the physiological body composition of A. modestus larvae, or 

whether A. modestus have shorter appendages relative to body dimensions, thereby decreasing 

the effective volume of the individual, and increasing density. Few morphological studies 

have examined the appendage length:body length ratio, though this effect may also explain 

why newly hatched NI larvae sink much faster than NII to NVI larvae. Longer-lived and/or 

oceanic cirripede larvae, for example the larvae of Lepas sp., possess characteristically long 

antennae, appendages, dorsal thoracic spines, and abdominal processes, which may facilitate 

longer-distance dispersal by increasing the effective body size of the larva, slowing sinking 

rates, and ensuring that they are more likely to remain in the upper portion of the water 

column, closer to food resources and in faster-flowing currents (Moyse 1987, Høeg and 

Møller 2006). In the case of the two species examined here, the greater sinking velocities of 

A. modestus may serve to limit larval transport, reducing dispersal distances. The habitat 

requirements of A. modestus are much more limited than for S. balanoides in this region (e.g. 

wave-sheltered, brackish water, estuarine conditions), and so reduced dispersal is likely to be 

advantageous to ensure self-recruitment and population maintenance. S. balanoides, on the 

other hand, has extensive coastal habitat within a broad range of acceptable environmental 

conditions, and so longer dispersal distance enhanced by the larval body form may serve to 

increase larval exchange between distant populations. 

 

4.4.2 Ontogenetic differences in sinking velocity and mass density 

 

Semibalanus balanoides larvae measured beyond day 0 of this experiment had significantly 

different ESR-sinking velocity and ESR-density relationships when compared to newly 

hatched S. balanoides larvae, as well as to all A. modestus larvae. The sinking rate of newly 

hatched S. balanoides larvae increased more rapidly with increasing ESR, and for a given 

ESR, these individuals had greater mass densities. In newly hatched larvae, larval appendages 

may not have had sufficient time to fully extend outside of the compact position they were 

held in as an embryo within the mantle cavity of an adult, while the less extensive setation on 

these appendages could reduce drag forces acting on these individuals. Additionally, the NI 

larva is non-feeding (Pechenik et al. 1998), so newly hatched larvae may not have begun to 
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accumulate mass density reducing reserves of lipids. The point at which individuals become 

less dense and sink at slower velocities is uncertain, as in this experiment no measurements 

were recorded between hatching and experimental day 2. These characteristics may be a 

mechanism to assist naupliar release and dispersal from adult barnacles. During the hatching 

process, the cirri of adult S. balanoides are held out stiffly, then sharply retracted, projecting 

NI larvae and eggs in a jet which may travel at least 5 body lengths away from the adult 

(Barnes 1955). For many species employing this type of ‘ballistic’ method of propagule 

release, however, there is a conflict in propagule design, as more dense, low drag objects may 

be projected further, while less dense, high drag objects are more suitable for distant transport 

and dispersal (Vogel 1983). In the case of S. balanoides, the low-drag morphology of the 

newly hatched larva may indeed be a function of insufficient time for expansion into a fully 

developed NI larva, but it may also be a trait designed to enhance transport of larvae into 

higher-velocity currents away from the benthic boundary.  

 

Meanwhile, relative to body size, the sinking velocities of S. balanoides cyprids are 

moderately increased when compared to nauplii. This supports the suggestion that cyprids are 

capable of more rapid sinking or downward swimming rates, maintaining greater abundances 

lower in the water column than nauplii (Chapter 3 of this thesis, De Wolf 1973, Tapia et al. 

2010). After metamorphosis of a nauplius to a cypris larva, the carapace surrounds the entire 

body and takes on a more streamlined shape. 33% of the body weight of cyprid larvae is 

comprised of lipid reserves (Crisp 1976). While the non-feeding cyprid larva has been 

demonstrated to have a low metabolic rate (Lucas et al. 1979), lipids are steadily consumed 

during this larval phase until a suitable site for settlement is located. It was not possible to 

confirm whether mass densities increased with increasing time spent before settlement, but 

Finelli & Wethey (2003) have suggested that increases in specific gravity of Crassostrea 

virginica larvae can explain the accumulation of settlers at the bottom in turbulent flow 

conditions, and a similar phenomenon may assist settlement of barnacle cyprids. Adhesion of 

cyprid larvae to a settlement substrate has also been related to drag and lift forces acting on 

larvae (Jonsson et al. 2004), so the reduction in drag from a more streamlined shape may also 

improve the ability of larvae to maintain their position near settlement habitat, particularly 

once attachment and exploration of the substrate has begun. However, the mechanisms for 

transport of cyprid larvae to the substrate remain poorly understood, though the interaction 

between larval behaviour, morphology, and flow regimes are better known once attachment 

has occurred.  
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4.4.3 Further applications of sinking velocity, mass density, and density contrast 

 

Biophysical modelling is becoming an ever more popular tool for investigating the 

mechanisms forcing particular patterns of larval dispersal. While modelling approaches easily 

quantify and reflect the effects of oceanographic variability on larval dispersal, they can often 

overestimate transport and dispersal distances, particularly when larval behaviour is not 

parameterized (Shanks 2009). In order to better understand larval behaviour, it may be 

possible to reproduce the vertical distributions obtained through sampling of the type carried 

out in Chapter 3, by combining sinking velocities and upwards swimming speeds with 

previous knowledge of the water column density gradient and mass density of individual 

larvae. Such a 1-dimensional model could be nested within a more complex 3-dimensional 

hydrodynamic model, in order to better parameterize dispersal in relation to changing water 

velocity gradients with depth. However, literature values for larval swimming speeds across 

naupliar stages are scant. In the case of the two species used here values, could be found for 

late stage and cyprid S. balanoides (Crisp 1955, Singarajah 1969, Yule 1982), but none 

accurately depicted the swimming velocities of earlier stage larvae (NII-NIV). No literature 

values for larval swimming speeds could be obtained for A. modestus.  

 

In this experiment, both larval sinking velocities and mass densities could be grouped 

between larval stages. Within a particle tracking routine of a hydrodynamic model, it may be 

preferable to group larval stages with respect to sinking velocities or other hydrodynamic 

properties in order to reduce computational time. These results provide an experimental basis 

for such groupings, and can also serve as realistic ‘break points’ for investigating larval 

transport at various stages of larval development. With the use of biophysical models such as 

the one described in Chapter 5, it may be possible to differentiate between factors 

(environmental and/or biological) affecting dispersal across larval stages, providing detailed, 

stage-specific understanding of the mechanisms influencing successful larval transport, arrival 

at a suitable habitat, and settlement out of the plankton.  

 

Finally, the mass density and density contrast of zooplankton has been used in acoustic 

methods to determine abundance and distribution of pelagic invertebrates and larvae, 

including freshwater species such as mussel veligers (Anderson and Taylor 2011) and 

Daphnia pulicaria (Hembre and Megard 2003), and many species of marine holoplankton 

(Warren and Wiebe 2008, Smith et al. 2010). While a better understanding of the contribution 
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of small invertebrate larvae to overall backscatter signals may improve the biotic components 

of models of acoustic backscatter targeted at other larger species of zooplankton (e.g. 

euphausids), cirripede larvae are currently too small to be viably detectable and identified by 

this method (Warren and Wiebe 2008). 

 

4.4.4 Summary 

 

This experiment has illustrated differences in sinking velocities and mass densities between 

two species of larval cirripedes. When larvae of S. balanoides and A. modestus were of 

similar size, the smaller A. modestus larvae had greater sinking velocities than S. balanoides, 

a reflection of their greater mass densities. These sinking rates may have been influenced by 

the morphology of appendages of each species or physiological body composition. These 

differences may have a substantial influence on the dispersal patterns of each species, with 

smaller, denser, faster-sinking A. modestus perhaps experiencing reduced horizontal transport 

relative to S. balanoides. In S. balanoides, these characteristics also changed with ontogeny, 

perhaps in relation to the transport ‘goals’ of each larval stage (e.g. escaping or re-entering the 

benthic boundary layer, or long-distance transport). 

 

Laboratory experiments such as the one described here are useful and relatively inexpensive 

tools for collecting organism-specific information about vertical velocities and mass density, 

which can inform hypotheses about the vertical movements of larvae in the water column. 

When combined with prior knowledge about larval vertical distributions and/or swimming 

velocities, these inputs can help to better parameterize hydrodynamic models of transport and 

dispersal, providing more realistic outputs for many applications, including identification of 

important source and sink populations, predicting population responses to changing 

environmental conditions (e.g. climate change), the management of non-native species, and 

effective siting of marine protected areas and offshore anthropogenic structures, such as 

marine renewable energy arrays. 
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5. Simulations of barnacle dispersal in the Firth of Lorn in relation to larval 

vertical distributions 

 

5.1 Introduction 

 

Understanding population connectivity is essential when considering how population 

distributions respond to changing environmental conditions (Gawarkiewicz et al. 2007), 

including habitat creation in the form of marine renewable energy device (MRED) 

installation. In many benthic communities, populations of species with pelagic larvae are 

connected with other nearby populations (Christie 2010). In these situations the communities 

can be regarded as metapopulations, or interacting groups of populations with finite lifetimes 

in fragmented or patchy habitat (Levins 1969, Hanski and Gilpin 1991). Dispersal is 

infrequent enough that there is a threat of extinction to these populations, but that there is also 

a capacity for population recovery via migration of adults or dispersal of larvae. When new 

habitat is created, the rate at which it is colonised will depend on the degree of connectivity 

with nearby populations. The makeup of the resulting community depends on the timing of 

spawning in adjacent populations, on dispersal to bring larvae to the habitat, and on the 

successful settlement and establishment of arriving individuals, so variability in connectivity 

could arise from variations in any of these stages (Le Corre et al. 2012). 

 

Measuring larval dispersal and associated population connectivity in marine systems remains 

a significant challenge because of the range of spatial and temporal scales associated with 

these processes. At the smallest scales, organism behaviour and fine-scale flow features and 

vertical shear may be most relevant, while at the largest scales intra- and inter-annual 

variations in coastal current strengths, upwelling, and eddy development can influence 

patterns of dispersal. No single approach has yet been able to encompass the full range of 

processes influencing larval dispersal (Levin 2006, Cowen and Sponaugle 2009), and modern 

methods must integrate physical modelling, biological observations, and experimental studies.  

 

Field surveys of spatial distributions of larvae, when well planned, can provide a general 

picture of dispersal envelopes, but they rarely provide specific information about larval 

sources, settlement locations, or  transport pathways (Edwards et al. 2007). While population 

genetic studies can provide information about the exchange of propagules between source and 
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settlement populations, information provided by population genetics is aggregated over time, 

and the exchange of just a few individuals can result in smoothing of genetic differences 

between populations (Siegel et al. 2003, Shanks 2009) without ecologically significant 

exchange. Consequently, genetic methods do not offer fine enough resolution to detect inter- 

or intra-annual variation in connectivity (Shanks et al. 2003, Edwards et al. 2007), and 

frequently over-estimate dispersal distances for species with long pelagic larval durations 

(Siegel et al. 2003, Shanks 2009). Trace elemental fingerprinting is another frequently used 

method in connectivity studies (e.g. López-Duarte et al. 2012), but is limited to regions with 

strong gradients in trace metal concentrations and to organisms where the trace elements are 

incorporated into hard structures, for example fish otoliths (Largier 2003). Drifters, too, have 

their limitations, as even those which are able to change their depth and buoyancy are too 

large to be subject to small-scale shear and mixing forces which may be acting on planktonic 

larvae (De Robertis and Ohman 1999, Gawarkiewicz et al. 2007). 

 

Biophysical modelling can allow inclusion of key physical and biological processes across a 

greater spectrum of temporal and spatial scales, often enabling an improved assessment of 

larval dispersal for a chosen area of study (Werner et al. 2007). As hydrodynamic modelling 

techniques have improved to incorporate three-dimensional flow fields and unstructured 

model grids, location-specific features (including complex bathymetry and coastal geometry, 

stratification, and estuarine currents) can be better resolved. The hydrodynamic flow field 

information generated by these models can then serve as a basis for development of numerical 

models of larval dispersal across the same model domain. Complementary field and 

laboratory studies are needed to parameterize individual-based dispersal models, to test model 

assumptions, and to assess predictions and hypotheses generated (Werner et al. 2007).  

 

Biophysical models are ideally suited to test the relative impacts of physical and biological 

processes on dispersal and population connectivity. For instance, vertical gradients in 

horizontal currents mean that vertical movements of larvae are an important determinant of 

cross-shore and along-shore dispersal (Botsford et al. 1994). Larval behaviour has also been 

suggested as a mechanism by which larval retention, and hence local recruitment, may be 

enhanced (Cowen et al. 2000, Metaxas 2001). Larvae are moved passively because of vertical 

mixing induced by winds and tides, but can also migrate actively as a result of swimming or 

due to changes in buoyancy (Cowen et al. 2002). It has been repeatedly argued that passive 

advection and diffusion should be the null hypotheses in dispersal studies (Wood and Hargis 

1971, Arnold et al. 2005, Pineda et al. 2007). Following this principle, several authors have 
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used coupled biological-oceanographic individual-based models to test the influence of larval 

vertical behaviours on dispersal (e.g. Fox et al. 2006, Sundelöf and Jonsson 2011).  

 

The development of realistic particle-tracking models based on biological field observations 

represents an informative extension to the on-going physical modelling work in this region. 

This study examines both the influence of vertical positioning and release location on the 

dispersal of barnacle larvae in the Firth of Lorn using Lagrangian particle-tracking routines 

coupled to a hydrodynamic model of the region. Particles are characterised as one of three 

species of barnacles common to the region: Semibalanus balanoides, Balanus crenatus, and 

Chirona hameri, and given realistic release locations based on available data on suitable 

habitats for the adults. These species are also common fouling organisms, and are likely to be 

found as part of hard-substrate communities which will develop on renewable energy 

structures. Vertical distribution routines based on the field observations described in Chapter 

3 are developed for each species and modelled dispersal outcomes are described in 

comparison with passively dispersing particles remaining at the surface, and at the seabed. 

Modelled larval distributions are also compared with field observations of larval distribution 

from the 2009 and 2010 surveys described in Chapter 2.  

 

5.2 Methods 

 

The underlying hydrodynamic model was developed for the Firth of Lorn on the west coast of 

Scotland. This region is characterised by complex bathymetry, narrow straits, and an 

abundance of headlands, which give rise to strong localised currents, turbulence, mixing, 

large eddies, flow separation, and current diversions (Ellett and Edwards 1983). Significant 

oceanographic features include the Great Race, an area of rapid current flow extending from 

the Gulf of Corryvreckan between the islands of Jura and Scarba, and the influence of 

freshwater runoff from the Scottish Highlands into Loch Linnhe and the upper Firth of Lorn 

leading to strong haloclines (Figure 1. 5).  

 

The seabed of the Firth of Lorn is predominantly of sedimentary origin, punctuated by regions 

of out-cropping rock (McBreen et al. 2011). The coastal environment is also characterised by 

large amounts of intertidal rocky habitat at varying degrees of wave exposure, from highly 

energetic areas to the west of Islay, Colonsay, and Mull, to more sheltered areas in the Sound 

of Jura and the inner Firth of Lorn. The intertidal and deeper rocky habitat across the study 
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area is colonised by a diversity of cirripede species, including the five species targeted in 

Chapters 2 and 3 of this thesis. Of these five species, Semibalanus balanoides, Balanus 

crenatus, and Chirona hameri were selected for this modelling study to represent species with 

adult habitat at three distinct depth bands (intertidal, shallow subtidal, and deep subtidal), with 

minimal overlap. These three species release larvae in the spring, and have pelagic larval 

durations of approximately 4 weeks (Appendix 1).  

 

5.2.1 3-dimensional hydrodynamic model of the Firth of Lorn 

 

A high-resolution 3-dimensional circulation model of the Firth of Lorn and surrounding 

waters, based on the Finite Volume Community Ocean Model (FVCOM, Chen et al. 2003) 

was used to model the transport of cirripede larvae. This model was developed and 

implemented by Dmitry Aleynik at the Scottish Association for Marine Science. The model 

incorporates an unstructured grid, in order that coastal areas of particularly complex flows 

(e.g. the Gulf of Corryvreckan) are resolved in greater detail than regions of open water 

(Figure 5. 1). The maximum horizontal area occupied by a model grid cell is 4.762 x 106 m2, 

while the minimum horizontal area is 2.488 x 103 m2. The model domain extends from the 

North Channel between Northern Ireland and the southern tip of the Kintyre Peninsula, in the 

south, to the islands of Tiree and Coll, in the north, and includes the Sound of Jura, the Firth 

of Lorn, the Sound of Mull, the Lynn of Morvern, and several fjordic sea lochs which empty 

into these bodies of water.  

 

The model grid has 10 terrain-tracking depth levels (sigma levels) and is bounded at the 10 m 

depth contour (Figure 5. 2). Each sigma level occupies a fixed proportion of the water 

column, i.e. the vertical area occupied by each level changes with changing water column 

depth but the fraction of the water column occupied by each depth level stays the same, with 

greater resolution in surface and bottom layers (Figure 5. 2). Further details of model grid, 

forcing, and validation can be found in Adams et al. (in press). 
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Figure 5. 1: Illustration of unstructured model grid and sampling of model output at 2009 and 2010 field 

stations. At each station, output from cells with centroids within 500 m horizontally of the field sampling 

location are used. For each time period (‘early’, ‘late’, and ‘cyprid’), hourly particle-time-steps are 

summed across that period’s duration. The total is then divided by the volume of the sampled model cells 

– the horizontal area of the sampled cells multiplied by the depth of the water column. 

 

An FVCOM model run for the time period of June 8th to July 10th, 2011, was the best 

available representation of oceanographic processes acting in the Firth of Lorn at the time of 

this numerical study. An earlier FVCOM run for the period between May 3rd and May 31st, 

2010, did not include accurate parameterisation of freshwater input to the system or vertical 

mixing (D. Aleynik, pers. comm.). The wind forcing (wind speeds, in m s-1) used to drive the 

FVCOM model was averaged across the model run time period and across the model domain 

and compared with recorded wind speeds from Dunstaffnage during the same period (June – 

July 2011), and during the 2009, 2010, and 2011 larval dispersal periods (March - April, 
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Southward 2008). Wind is an important factor affecting larval transport and dispersal 

influencing surface circulation, upwelling/downwelling, and the location of frontal boundaries 

(Alandsvik et al. 2009). Neither FVCOM run coincided with the timing of zooplankton 

sampling in the Firth of Lorn, described in Chapters 2 and 3, and the wind-speed comparison 

revealed that the June – July model wind forcing was not an exact representation of recorded 

winds during the dispersal periods (Figure 5.3, UK Meterological Office 2012). However, 

predominant winds were from southerly through north-westerly directions with little or no 

wind from the north through easterly direction, as during the field studies, and as the most up-

to-date representation of oceanographic processes in the Firth of Lorn, it was decided to use 

the June-July 2011 FVCOM model. 

 

 

 

 
 

Figure 5. 2: Illustration of model depth level distribution (1-10 levels) with changing water column depth 

(h). While the depth occupied by each level changes with changing water column depth, the proportion of 

the water column occupied by each depth level stays the same. 
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A)  B)  

C)  D)  

 

Figure 5. 3: Wind roses for the June-July 2011 FVCOM model run period (A) and observed wind speeds 

and directions at Dunstaffnage during cirripede larval dispersal periods in 2009, 2010, and 2011 (B, C, 

and D, respectively,  UK Meterological Office 2012). All wind speeds are hourly-averaged, and 

represented in m s
-1

.  

 

Particle tracking routines developed by Adams et al. (in press) were amended to include 

release points specific to habitat suitable for cirripede populations, based on the Joint Nature 

Conservation Committee UK SeaMap 2010 (McBreen et al. 2011). Model habitat for the 

intertidal S. balanoides was made up of 940 coastline boundary nodes, spaced at least 1 km 

apart (Figure 5. 4). For B. crenatus, habitat comprised 939 model nodes within areas defined 

as infralittoral, circalittoral, or deep circalittoral rock at depths between 0 and 20 m (Figure 5. 

4). Habitat for C. hameri was represented by similar rocky habitat found at depths between 20 

m and 200 m, at 1015 model nodes. These 1015 nodes were subsequently divided into 925 

nodes at depths between 20 m and 100 m, and 90 nodes between 100 m and 200 m (Figure 5. 

4). In each model run, a particle was released from each start node associated with the  
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Figure 5. 4: Model mesh start nodes for particles based on JNCC habitat designations (Joint Nature 

Conservation Committee 2010). (A) intertidal habitat nodes (S. balanoides, n=940), (B) 

circalittoral/infralittoral rock habitat at 0 – 20 m depth (B. crenatus, n=939), (C) circalittoral/infralittoral 

rock habitat at 20 - 100 m depth (C. hameri, n=925), (D) circalittoral/infralittoral rock habitat at 100 - 200 

m depth (C. hameri, n=90) 

 

(A) (B) 

(C) (D) 
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selected species (total particles per run: 940 for S. balanoides, 939 for B. crenatus, 925 for C. 

hameri 20 – 100 m, and 90 particles for C. hameri 100 – 200 m). Particles were allowed to 

disperse for 33 days using model conditions representing the period between the 8th of June 

and 10th of July 2011. 

 

Particle trajectories on a horizontal axis were computed from the modelled horizontal flow 

fields using hourly values of flow velocities, plus a simple random-walk to simulate diffusion. 

A time-step of 1/100 hour was selected to accurately resolve horizontal transport for two 

reasons. First, the time-step should be less than the time constants of the system (Alandsvik et 

al. 2009), which are set at 1 hour in this model. Second, this model is of a region characterised 

by several areas of high flows, which could cause unrealistic long-range jumps in particle 

tracks if a larger time-step was applied (Adams et al. in press). Horizontal locations of each 

particle were determined at every time-step using the equation: 

 (P, Q)�R� = (P, Q)� + �((8, <) + S (5.1) 

 

where x and y represent the horizontal location (Easting and Northing) of a particle, dt 

represents the model time-step, U and V represent the east-west and north-south current 

velocities at (x y). R is the diffusive element of particle displacement, which in this model, is 

simplified to be uniform across the model domain, and is determined using the following 

equation derived by Hunter et al. (1993): 

 S = &(0, √2 ∙ U ∙ �() (5.2) 

 

β is a pseudorandom number with values drawn from a Gaussian distribution with a mean of 0 

and standard deviation √2Kdt, where dt is the model time-step (1/100 hour) and K is a 

spatially constant diffusion coefficient (set to 0.2 m2 s-1 for all simulations). This term 

parameterizes sub-grid-scale turbulence which may be acting on individual larvae, and in 

reality will vary with coastline proximity and bathymetry. Turrell (1990) summarized 

observed diffusion coefficients in fjords and vertically stratified estuaries, which ranged from 

0.07 in fjords to as high as 5.0 in the stratified Fal Estuary. The Firth of Lorn model domain, 

however encompasses several of the environments profiled by Turrell (1990), and so a more 

general approach was followed, using the eddy diffusivity coefficient parameterized in the 

associated hydrodynamic model, as used in many other contemporary biophysical studies 
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(e.g. Marinone et al. 2008, Peguero-Icaza et al. 2010). The FVCOM hydrodynamic model 

also incorporates a horizontal diffusivity scheme based on an approximate ‘Smagorinsky’ 

parameterization, where horizontal diffusivity depends on horizontal current shear and is 

directly proportional to model grid cell area. This is applied to particles through U and V, or 

the output current velocities from the FVCOM model run. 

 

Once released from the appropriate habitat type, particles were allowed to disperse within the 

model domain. Particles were not allowed to leave the model domain via its open boundaries. 

While there are uncertainties as to the best model implementation of reflective boundary 

conditions, it has been suggested that reflective boundaries are necessary for valid particle-

tracking models, as the calculation of particle probability-density functions may be incorrect 

if particles are lost from the model domain (Alandsvik et al. 2009). It has been demonstrated 

that this can produce artificial particle accumulations at the boundary (Ross and Sharples 

2004), so high densities of particles recorded at open boundary locations may be interpreted 

as areas of significant particle loss from the domain, as in the ocean these larvae would not be 

constrained and would be transported outside the study region.  

 

5.2.2 Vertical distribution of larvae 

 

For each barnacle species, three model runs were performed, each with a different vertical 

distribution scheme. Particles, representing larvae, were released from species-appropriate 

habitat nodes, either remaining at the surface (depth level 1), remaining at the bottom (depth 

level 10), or allowed to move among depth levels according to realistic vertical distribution 

profiles (Table 5. 1). The latter is referred to as ‘redistributive behaviour’ or RDB for the 

remainder of this chapter. Within each scheme, it was assumed that particles maintain their 

assigned vertical distributions in spite of vertical turbulence or vertical flows within the water 

column (Pfeiffer-Herbert et al. 2007). 

 

Vertical distributions of cirripede nauplii in the Firth of Lorn obtained through the 2011 field 

survey (described in Chapter 3) were used to define probability-based RDB of larvae for each 

species. Vertical abundance curves (larvae m-3) for S. balanoides, B. crenatus, and C. hameri 

at each station sampled were produced, combining all naupliar stages of larvae to arrive at 

overall species abundance curves. These were then standardised to represent proportional 

abundances (between 0 and 1) at each sampled depth to allow for inter-comparison between 
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stations which may have had different overall abundances of cirripede larvae. Each curve was 

then transformed to apply to the proportional depth levels in the particle tracking model, and a 

mean vertical abundance curve was obtained for all stations across the model domain (Figure 

5. 4).  

 

 

Table 5. 1: Outline of particle depth routines for each experimental model run 

 

Species Run 1 - surface Run 2 - bottom Run 3 - RDB 

Semibalanus 

balanoides 
depth level 1 depth level 10 

Abundance peak at levels 2 & 3, 

declining steeply to depth level 5, 

then gradually to bottom 

Balanus crenatus depth level 1 depth level 10 
Abundance peak at surface, 

declining gradually to bottom. 

Chirona hameri depth level 1 depth level 10 
Abundance peaks at depth levels 2 

and 6 

 

 

As S. balanoides inhabits intertidal habitat at the sea-air interface, particles were released at 

model depth level 1, equivalent to the sea surface. Particles representing the subtidal B. 

crenatus and C. hameri were released at the bottom, or into depth level 10. At each model 

depth level, a particle is assigned a probability of moving up a level, down a level, or 

maintaining position (Appendix 8), based on the pre-defined proportional abundance of larvae 

at its current level, at the level above, and at the level below, such that:  

 1 = 	'�V + '>��W + 'X�;= (5.3) 

and ' = ����R� + �� + ���� (5.4) 

 

where p is the probability of an outcome (up one level, stay in level, down one level), and n is 

the observed proportional abundance of larvae at a particular level (l). When a particle is at 

the sea surface, pup = 0, and when a particle is at the seabed, pdown = 0, so that particles must 

remain within the water column for the duration of a model run. Histograms of modelled 

vertical distributions indicated that RDB routines gave vertical distributions across model 

runs which reflected field-based vertical abundance curves (Figure 5. 4). 
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A)

 

B)

C)

 

D)

Figure 5. 5: Vertical distribution of particles in the model, with associated standard error (A), generated 

from average proportional abundance as a function of proportional depth recorded during a 2011 field 

survey. Histograms of modelled vertical distributions for (B) S. balanoides, (C) B. crenatus, and (D) C. 

hameri. 

 

This approach, incorporating a fixed depth-distribution curve within which larvae were 

allowed to move up and down, was preferred over implementation of diel vertical migration 

or selective tidal-stream transport migration patterns because it allowed migration routines to 

be directly based on field observations made in 2011. Furthermore, convincing evidence of 

diel- or selective tidal-stream vertical migration patterns by the naupliar stages of barnacles is 

scant with only a handful of publications observing differences in vertical distributions 
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between nauplii and cyprid stages (e.g. Bousfield 1955, De Wolf 1973, dos Santos et al. 2007, 

Tapia et al. 2010).  

 

5.2.3 Determination of particle densities in relation to field observations 

 

The 33 days of the model run were divided into three time periods, representing early stage 

larvae (the equivalent of NII and NIII), late stage larvae (NIV- NVI), and cyprids. Published 

descriptions of cirripede naupliar stage durations in-situ are scarce, though laboratory-based 

studies suggest a range of temperature-dependent development times for both S. balanoides 

and B. crenatus (e.g. Pyefinch 1948b, Barnes and Barnes 1958, Harms 1984). Total naupliar 

durations have ranged from 10 days at 18°C to 22 days at 6°C for S. balanoides, and from 16 

days at 15°C to 30 days at 4-5°C for B. crenatus. Based on reported naupliar stage 

development durations, particles were designated as ‘early’ stage during the first 8 days of 

each model run, while during days 9-28 of each model run particles were designated as ‘late’ 

stage. In the remaining days particles were designated as ‘cyprids’, but maintained the same 

vertical distribution schemes as the previous 28 days of the model run.  

 

For every model time-step (1/100 hour), the number of particles in each model cell was 

recorded. The residence times of particles in each model cell were then summed over each 

hour of the model run. For example, if within an hour three particles entered a cell and one 

remained for 3 time-steps, while the other two remained for 4 time-steps, the total recorded 

hourly ‘particle-time-steps’ (Nh) for that cell (j) would be: 

 �� = ('� × (�) + ('1 × (1) + ⋯+ ('=�� × (=��) + ('= × (=) = (1	'�:(	"4�	 × 3	(	Z�*(�'*) + (2	'�:(	"4�*	 × 4	(	Z�*(�'*) = 11	'�:(	"4� ∙ (	Z�*(�'* 

or,  

= ['# × (#���
#\�  

(5.5) 

 

Summed hourly particle-time-steps for the duration of the model run (24 hours x 33 days) for 

each cell were extracted from model output at each location sampled in the 2009 and 2010 

field surveys. To account for model patchiness and differences in size of model cells across 
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the domain, model cells whose centroids were located within a 500 m radius (horizontally) of 

the field sampling location were used (Figure 5. 1).  

 

The summed particle-times-steps for each larval period at a model station are analogous to the 

summed total count of larvae for the same period at the same station. Because all particles 

were released simultaneously, the recorded summed hourly particle-time-steps were divided 

into the discrete time periods associated with ‘early’, ‘late’, and ‘cyprid’ larvae, and then 

summed across these time periods. For example, within a zooplankton sample, the abundance 

of ‘early’ cirripede nauplii may simultaneously include nauplii which are anywhere from 1-8 

days old, depending on their spawning times and transport distances. The sum of these gives 

the total number of ‘early’ nauplii sampled at that station. In the model, any particles with 

recorded time-steps at a station on day 1 are analogous 1 day-old larvae found at that station 

in the field. Similarly, recorded particle-time-steps at a station on day 2 of the model run 

correspond to 2 day-old larvae sampled in the field at that station, and so on. 

 

In the field survey, counts (n) of larvae sampled at each station are divided by the volume of 

water sampled to give larval abundance. Correspondingly, summed particle-time-steps are 

divided by the volume of the cells sampled (horizontal area of the model cells multiplied by 

the depth of the model water column) to give summed particle-time-steps per volume sampled 

for each larval time period (early, late, cyprids) in Nh m
-3. At stations where these values are 

large, many particles or larvae may have arrived at the station and remained for only brief 

periods of time (e.g. where water flow velocities are high), or conversely, larvae or particles 

may have arrived at a slower rate, but have remained near the station for extensive periods of 

time (e.g. retention). In areas where this value is extremely large, both significant particle 

input and retention may be occurring.  

 

The properties of model and field sampling are summarised in Table 5. 2. 
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Table 5. 2: Comparison of metrics for sampling particles or larvae at model or field survey stations, with 

example calculations for ‘early’ particles and larvae. Similar calculations were performed for ‘late’ stage 

and ‘cyprid’ particles. 

 Model Field 

sampling unit, n 

hourly particle-time-step, 

�� = ['# × (#���
#\�  

count, ns, for naupliar stages s 

 

sampling time-

period 

cumulative, time-steps summed 
across d days 

instantaneous, one sample 
contains nauplii of all ages 

sample volume 

volume of model cells with 
centroids within 500 m of 
sampling location, m-3 

volume of water passing through 
net, m-3 

designation of 

‘early’ nauplii 

particles sampled on model run 
days 1 to 8 

stage (s) NI – NIII nauplii 
sampled at each station 

calculation of ‘early’ 

larvae at each 

station 
�]�^�W = ∑ 	(��)X�X\�H+4!Z�	*�Z'4�� �]�^�W = ∑ 	�>B>\�H+4!Z�	*�Z'4�� 

   

 

 

The parallel nature of model ‘particle-time-steps’ and field sample ‘counts’ for a particular 

time period (e.g. ‘early’ larvae, days 1-8), can be further illustrated by plotting particle-time-

steps as a function of time (model run duration, in days) at a particular station, and comparing 

with a similar plot of the count of larvae from a field sample as a function of the age of the 

larvae (or day of life). Both particle time-steps and count of larvae are a function of time, t, 

and can be represented by f(t) (Figure 5. 6).  

 

The area under each of the curves shown in Figure 5. 6 represents the particle-time-steps or 

number of larvae of a particular age class present at each station, f(t), as a function of the 

duration of that age class, t. This can described by a definite integral, and is identical for each 

curve: 

 

�]�^�W = _ `(()�(a
�  

=	 lim∆�→�[`((#)∆(#=
#\�  

(5.6) 

 

 

(5.7) 
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a and b in equation 5.6 represent the first (t1 Figure 5. 6) and last (tn+1 Figure 5. 6) days of a 

larval age class (e.g. day 1 and day 8 for ‘early’ nauplii), while i in equation 5.7 refers to the 

points ti where f(t) is sampled in Figure 5. 6. 

 

To visualise differences in dispersal patterns as a result of particle vertical positioning and 

behaviour, summed particle-time-steps for each cell in each model run were first log-

transformed and scaled by the maximum value recorded for that model run across the domain. 

These values were then mapped onto the model domain to highlight areas where particles did 

not disperse to, as well as areas of high particle accumulation over the 33 days of the model 

run. Anomaly maps were also used to identify areas of significant difference between each set 

of runs (particles at surface, at seabed, or with redistributive behaviour) associated with a 

particular habitat type. Anomaly maps represent the difference between runs, and were 

produced by subtracting the summed hourly particle-time-steps in each cell from one model 

run, from the equivalent quantities in another associated run. Where the difference was great, 

the model runs produce different outputs, while where the difference was small, the model 

runs were similar. 
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Figure 5. 6: The area under the graph of a function as approximated by a sum or rectangles, or the 

definite integral of the function (from t1 = a to tn+1 = b), as defined in equation (5.5). Instantaneous 

sampling in the field simultaneously samples larvae of all ages at each station (A), while in the model, all 

particles are released instantaneously, but particle numbers at each station are recorded across all days of 

each particular stage (B). However, the definite integral of each curve produces an equivalent result (in 

numbers of larvae or particles) for calculation of abundance or density. 

  

A) 

B) 
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5.2.4 Assessment of model skill 

 

The ability of the model runs to predict realistic distributions of barnacle larvae based on field 

observations is tested using various metrics. The model and field datasets are skewed towards 

zero-values but have a handful of large observations, so a log10(x + 1) transformation was 

applied on both datasets. The transformed data were then standardized to a mean of 0 and a 

standard deviation of 1, in order that they could be compared, despite the different units and 

orders of magnitude of the raw datasets.  

 

First, a linear regression of the form: 

 (+ *�:H��	� !����"�	+`	��!'4		)#$= &�	 +	&�('�:(	"4�	���*	(Q)#$ ∙ &1(*(�3�)# + ,#$ (5.8) 

 

was carried out for each model run and its equivalent 2009 and 2010 field observations of 

naupliar stages i at stations j. For instance, model runs with intertidal habitat as particle start 

points were compared with survey observations of S. balanoides, while model runs with deep 

habitat (20 m – 200 m) were compared with survey observations of C. hameri. Where the 

slope approximates 1, field observations and model output are equivalent. If slope > 1, the 

model generally under-predicts field observations, while if slope < 1, the model over-predicts 

field observations. The R2 for each regression is also recorded.  

 

Four other metrics were used to assess the skill of each model run and associated particle 

behaviour to predict realistic distributions of cirripede nauplii, as described in Stow et al. 

(2009), and as recommended by Alandsvik et al. (2009). These are described in Table 5. 3. 
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Table 5. 3: Metrics for assessment of model skill (Stow et al. 2009), where O represents observed (field) values, while P represents values predicted by the model for each 

observation or sampling point, i. 

Metric Description 

r – correlation coefficient of model prediction  

and field observations 

 : = 	 ∑ (g# − gi)(j# − ji)=#\�k∑ (g# − gi)1=#\� ∑ (j# − ji)1=#\�
 

r  indicates the tendency of the predicted and observed values to vary together. r 

can range from -1 to 1; values close to 1 indicate a good model fit, while negative 
values show a negative relationship between observed and predicted values. 
 

RMSE – root mean squared error 

 

S�2l =	C∑ (j# − g#)1=#\� �  

The RMSE provides a measure of model prediction accuracy, and will ideally be 
close to zero. The RMSE gives the magnitude of the discrepancy between 
predicted and observed values. 
 

RI –model reliability index 

 

Sm = �P'n1�[o4+3 g#j#p1
=
#\�  

 

The RI describes the average factor by which the model prediction differs from 
field observations, and should, ideally, be close to 1. 

MEF – modelling efficiency 

 �lq = 	(∑ (g# − gi)1 −	∑ (j# − ji)1=#\�=#\� )∑ (g# − gi)1=#\�  

The MEF is a measure of goodness of model fit relative to the average of the 
observations. A maximum value of 1 indicates a good model fit to observations, 
while a value of zero indicates that the model predicts no better than the average 
of the observations. A negative value indicates that the average observed value is 
a better predictor that the model results. 
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5.2.5 Non-metric multi-dimensional scaling of model output and field observations 

 

In addition to the model-skill assessment metrics, non-metric multi-dimensional scaling 

(nMDS) was used to visualise the degree of similarity between the model and field datasets 

described in the previous section. nMDS procedures using Bray-Curtis dissimilarities were 

carried out using the vegan package in R software (R Development Core Team 2011), first on 

model summed particle-time-steps across all 25071 cells of the model from each of the twelve 

model runs, then on station-specific summed particle-time-steps from each run and 

abundances of B. crenatus, S. balanoides, and C. hameri. As before, the scales of 

measurement for field sampling and model output are not the same, so the data were square-

root transformed and Wisconsin double standardized (Cottam et al. 1982) prior to analysis, as 

is the default within vegan’s metaMDS function. The ideal Bray-Curtis dissimilarity 

coefficient should obtain a maximum of one when model runs and/or field samples have no 

common abundance or Nh values and a value of zero when both share all species or taxa. As 

well as its widespread use in community ecology, this method has been recommended for 

comparing objects where the variables are abundances (Faith et al. 1987, Quinn and Keough 

2002). 

 

5.3 Results 

 

The particle-tracking model was run twelve times, incorporating four different habitat types 

and three types of particle behaviours. Vertical positioning in the modelled flow fields 

strongly influenced the dispersal paths and transport distances of particles in the Firth of Lorn 

because modelled horizontal velocities in different fractions of the water column differed in 

both direction and magnitude (Appendix 9). 

 

The particle-time-steps accrued by each model cell across the model domain were mapped as 

densities for each of the twelve model runs (Figure 5. 7). On first inspection, the density maps 

of model runs with similar vertical distribution routines appeared more similar than those with 

identical particle release locations. This was confirmed by an ordination plot  
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surface                                                                    bottom                                                                       RDB 

 
Figure 5. 7: Log-transformed and scaled particle-time-steps recorded in model cells across the duration (33 d) of each model run for S. balanoides (intertidal habitat). A value of 

0 represents a cell totally unoccupied by particles for the duration of the model run, while a value of 1 represents cells with overall maximum occupation. Values within 6-12 km 

of open boundaries (2-3 cell widths) must be treated with caution, as this region is used to damp any spurious processes (e.g. rounding errors, numerical instability) occurring 

during model integration (D. Aleyanik, pers. comm.). 
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surface                                                                    bottom                                                                       RDB 

 
Figure 5. 8: Log-transformed and scaled particle-time-steps recorded in model cells across the duration (33 d) of each model run for B. crenatus (0-20 m habitat). A value of 0 

represents a cell totally unoccupied by particles for the duration of the model run, while a value of 1 represents cells with overall maximum occupation. Values within 6-12 km of 

open boundaries (2-3 cell widths) must be treated with caution, as this region is used to damp any spurious processes (e.g. rounding errors, numerical instability) occurring 

during model integration (D. Aleyanik, pers. comm.). 
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surface                                                                    bottom                                                                       RDB 

 
Figure 5. 9: Log-transformed and scaled particle-time-steps recorded in model cells across the duration (33 d) of each model run for C. hameri (20-100 m habitat). A value of 0 

represents a cell totally unoccupied by particles for the duration of the model run, while a value of 1 represents cells with overall maximum occupation. Values within 6-12 km of 

open boundaries (2-3 cell widths) must be treated with caution, as this region is used to damp any spurious processes (e.g. rounding errors, numerical instability) occurring 

during model integration (D. Aleyanik, pers. comm.). 
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surface                                                                    bottom                                                                       RDB 

 
Figure 5. 10: Log-transformed and scaled particle-time-steps recorded in model cells across the duration (33 d) of each model run for C. hameri (100-200m habitat). A value of 0 

represents a cell totally unoccupied by particles for the duration of the model run, while a value of 1 represents cells with overall maximum occupation. Values within 6-12 km of 

open boundaries (2-3 cell widths) must be treated with caution, as this region is used to damp any spurious processes (e.g. rounding errors, numerical instability) occurring 

during model integration (D. Aleyanik, pers. comm.). 
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Figure 5. 11: nMDS ordination plot of summed particle-time-steps across model domain for each run. 

Species/habitat start locations are designated as SB (S. balanoides), BC (B. crenatus), CH (C. hameri 

shallow start, 20 – 100 m), and CHd (C. hameri, deep start, 100 – 200 m). Particle behaviours are 

designated as 1 (surface-seeking), 2 (bottom-seeking), and 3 (redistributive behaviour). 

 

 

of the dissimilarity matrix (Appendix 10) calculated from particle distribution data across the 

25071 model cells (Figure 5. 11). For example, density maps for particles which maintained 

their vertical distribution at the surface (depth level 1) were more similar to each other than 

density maps for particles released from intertidal habitat locations, but with different vertical 

distribution routines. This is also reflected in the proximity of SB1, BC1, and CH1 (surface – 

seeking S. balanoides, B. crenatus, and C. hameri particle distributions, respectively) in 

Figure 5. 11. 
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5.3.1 Modelled particle distributions 

 

In surface runs, particle tracks are relatively diffuse across the model domain, with few areas 

experiencing accumulation. Regardless of release habitat, particles with surface-seeking 

vertical distributions were transported around the south and west coasts of Mull, and were 

spread relatively evenly across the inner portion of the Firth of Lorn (Figure 5. 7). 

Additionally, where particles are released from subtidal habitat in the vicinity of Colonsay (in 

the case of B. crenatus and C. hameri 20 m - 100 m runs), these diffuse tracks spread around 

and to the south-west of Colonsay. As particles were not allowed to leave the model domain 

across open boundaries, in all surface runs high densities of particles accumulated at the 

northernmost boundary representing the Tiree passage.  

 

Meanwhile, in model runs where particles were maintained in the bottom depth layer, habitat 

configuration seems to have a slightly greater influence on particle dispersal trajectories, as 

illustrated by the greater distance between SB2, BC2, CH2, and CHd2 in Figure 5. 11. Certain 

similarities do appear in density maps for all bottom runs, such as evidence of particle 

aggregation around the northern tip of Colonsay, and directly north of the sound of Islay 

(south of Colonsay, Figure 5. 7). Additionally, particles did not cross the central region of the 

Firth of Lorn in any bottom run, except where particles were released at 20 m - 100 m. Even 

when significant particle release occurred in this area (as for C. hameri-type runs), fewer 

particles crossed this area than might be expected, especially when compared with the 

surrounding shallower areas closer to the coastline. In contrast to surface runs, the absence of 

particle accumulation at the northernmost Tiree passage open boundary of the model is also 

noticeable, suggesting that bottom currents do not transport particles in this direction. Rather, 

particle tracks indicate transport in a more westerly direction towards the south-western tip of 

Tiree, and more generally towards the western open boundary of the model, where particles 

accumulate. In all density plots of particles constrained to the bottom depth layer of the 

model, two distinct lines of high particle densities appear stretching out from the northern tip 

of Colonsay in a north-westerly direction (Figure 5. 7). Finally, particles do not enter the 

upper (north-eastern) reaches of Loch Linnhe in these runs, and where present, particles are 

confined to the immediate coastline, a likely result of particles being released from these 

locations (no presence in Loch Linnhe was detected for the bottom runs of C. hameri-type 

particles). 
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When various redistributive behaviours are applied to particles in this model, particle 

distributions are generally similar to those from surface runs. In the associated nMDS plot 

(Figure 5. 11), distances between CH1/CH3 are only marginally greater (Bray-Curtis 

dissimilarity = 0.162) than between SB1/SB3 and BC1/BC3 (Bray-Curtis dissimilarities 0.075 

and 0.107, respectively), suggesting substantial similarities between these six model runs 

across the model domain. For example, in surface RDB model runs, a diffuse accumulation of 

larvae around Mull appears across all output density maps. However, the resulting density 

maps differ between the ‘S. balanoides/B. crenatus’ and ‘C. hameri’ RDB runs. The vertical 

distributions assigned to S. balanoides and B. crenatus consist of an abundance peak near the 

surface of the water column, and a decline with depth (Figure 5. 4), and as such the outcomes 

of these two model runs are very similar to the counterpart runs where particles remain at the 

surface. However, when the two C. hameri RDB model runs are compared with associated 

surface runs, the RDB particle paths appear more scattered, with greater spread across the 

model domain, particularly for particles released from 20 m – 100 m rocky habitat (Figure 5. 

7).  

 

All model runs (surface, bottom, and RDB) for C. hameri particles released at deep habitat are 

noticeably different from the remainder, as illustrated by Figure 5. 11. Bray-Curtis 

dissimilarities were greater between the surface and bottom run (dissimilarity: 0.552) than 

between the surface and RDB run (dissimilarity: 0.353), as was reflected in model runs for 

other species/start habitats. While the remainder of model runs tended to group by vertical 

distribution routine regardless of starting habitat, C. hameri particles released at between 100 

m and 200 m depth did not group in a similar fashion, and their transport patterns may have 

been better associated with the depth of particle release. 

 

5.3.2 Differences among vertical distribution patterns 

 

Anomaly plots comparing model runs for each set of particle release locations reveal further 

differences in particle tracks between the various RDB types (Error! Reference source not 

found.).  

 

For S. balanoides-type release locations, the difference between particle distributions for 

surface-limited dispersal and realistic vertical distributions is small (Error! Reference source 

not found.). Where particles are constrained to the bottom of the water column, however, 
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particle distributions differ substantially. If particles are assigned surface or realistic 

distributions, they tend to accumulate more particle-time-steps in the north-eastern part of the 

model domain than for bottom-constrained particles (Error! Reference source not found.). 

Additionally, these particles travel across the deep area of the Firth of Lorn between Mull and 

the northern end of the isle of Jura, and reach the north-western part of the model domain in 

greater numbers, as indicated by the concentrations of red in Error! Reference source not 

found.. Meanwhile, particles limited to the bottom layer of the water column tend to 

accumulate at the western open boundary of the model, further south than particles with 

surface-limited or realistic vertical distributions. This pattern is consistent across all particle 

release locations (Error! Reference source not found.). 

 

In the case of B. crenatus-type runs, no release habitat is located in Loch Linnhe in the north-

east of the domain, and particles only enter into this region when they are limited to the 

surface layer of the water column (Error! Reference source not found.). Furthermore, 

anomaly plots indicate more substantial accumulation of particle-time-steps in the Sound of 

Mull for surface and redistributive behaviour runs, with little difference between the two. 

When compared with the model run confining particles to the sea surface, particles at the 

bottom accrue more particle-time-steps in a linear ‘channel’ directed in a north-westerly 

direction from the northern tip of the island of Colonsay. While this pattern is apparent for all 

release locations, it appears strongest in anomaly plots for particles released at depths of 0 m 

– 20 m and at depths greater than 100 m (Error! Reference source not found.). 
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surface-bottom                                                                  surface-RDB                                                        RDB-bottom 

 
Figure 5. 12: Anomaly plots of particle distributions obtained from surface, bottom, and RDB model runs for S. balanoides (intertidal habitat). Where anomaly = 0, model 

outcomes are equivalent. 
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surface-bottom                                                                  surface-RDB                                                        RDB-bottom 

 
Figure 5. 13: Anomaly plots of particle distributions obtained from surface, bottom, and RDB model runs for B. crenatus (0-20 m habitat). Where anomaly = 0, model outcomes 

are equivalent. 
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surface-bottom                                                                  surface-RDB                                                        RDB-bottom 

 
Figure 5. 14: Anomaly plots of particle distributions obtained from surface, bottom, and RDB model runs for C. hameri (20-100 m habitat). Where anomaly = 0, model outcomes 

are equivalent. 
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surface-bottom                                                                  surface-RDB                                                        RDB-bottom 

 
Figure 5. 15: Anomaly plots of particle distributions obtained from surface, bottom, and RDB model runs for C. hameri (100-200 m habitat). Where anomaly = 0, model 

outcomes are equivalent. 
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Model outputs for C. hameri-type particles indicate that both surface-limited and realistic 

vertical distribution routines result in patchier accumulations of particle-time-steps in the 

vicinity of the west-coast of Mull, while concentrations of particle-time-steps in the deeper 

areas of the Firth of Lorn body are much less (Error! Reference source not found.). 

Meanwhile, as for B. crenatus-type particles, particle-time-steps accumulate in the Sound of 

Mull in greater numbers for surface and RDB runs, when compared to the model run where 

particles are limited to the bottom layer of the water column. However, when compared with 

model runs for other particle release depths, anomaly plots for model runs where particles are 

released from 20 m – 100 m depth suggest the least substantial differences between particle 

distributions for varying particle vertical positioning routines. The dissimilarity between 

surface and bottom model runs for this release habitat was least, at 0.267 (Appendix 10). 

 

While the anomaly plots for the C. hameri-type particles released at depths greater than 100 m 

(Error! Reference source not found.) were similar in pattern to those for S. balanoides and 

B. crenatus, the contrast, between model runs with differing behaviours was greater. For 

example, when the surface and bottom model runs are compared (Error! Reference source 

not found.), surface particles clearly cluster in the north-western part of the model domain, in 

the passage between the islands of Tiree and Coll, and the western coast of Mull. Meanwhile, 

particles constrained to the bottom form a cluster between Islay and Colonsay, which then 

extends in a line from the northern tip of Colonsay towards the north-west, as suggested in the 

respective anomaly plots for B. crenatus and S. balanoides. However, unlike particles 

released at intertidal and shallow subtidal (0 m – 20 m depth) locations, particles do not enter 

Loch Linnhe when limited to the uppermost layer of the water column. Instead, particles only 

enter this region when an RDB routine is applied. 

 

5.3.3 Particle transport distance 

 

Total particle transport distances (the length of the dispersal paths) and net dispersal distances 

(least-cost distances between particle start and end points) were calculated for all particles in 

each model run. Mean particle transport distances for each run ranged from 189 km (intertidal 

release locations, particles remain in bottom depth layer) to 659 km (100 m – 200 m depth 

release locations, particles remain in surface layer). The greatest distance any particle was 

transported was 970 km, for a particle released from a shallow subtidal location and 

remaining in the surface layer for the duration of the model run (Table 5. 4). The least 
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distance a particle was transported was 24 km, for a particle released from an intertidal 

location which remained in the bottom layer of the water column for the duration of transport. 

 

Mean dispersal distances were substantially less, ranging from 17.5 km (0 – 20 m release 

depth with bottom-seeking particles) to 74.4 km (100 – 200 m depth release with RDB), and 

the standard deviation of dispersal distances were positively correlated to the mean values. 

 

Overall, model runs where particles were constrained to the surface layer had the greatest 

mean transport, and only where particles were released from intertidal locations was mean 

transport of intermediate distance. Meanwhile, where particles were constrained to the bottom 

layer, mean transport distances were lowest, regardless of particle release location or depth. 

Even so, particles released from very deep (100 m – 200 m) habitat, dispersing in the bottom 

of the water column were transported on average nearly twice as far as those released at 

intertidal habitat with a similar vertical distribution.  

 

This pattern was not reflected by net dispersal distances, where mean dispersal varied across 

both particle release locations and vertical distribution type (Table 5. 4). Unexpectedly, 

intertidal particle releases with a bottom-seeking vertical distribution gave the greatest net 

dispersal distance, despite having the least horizontal transport. Particles released at the 

deepest locations had greatest mean dispersal when RDB was applied, though these model 

runs did not reflect the greatest mean transport. 

 

While particles starting at intertidal locations generally did not travel as far as their 

counterparts starting at shallow or deep sub-tidal locations, it is worth nothing that when these 

particles released intertidally were transported at the surface, the associated particle transport 

distances had the greatest standard deviation of any model run. So while the overall mean 

transport distance of particles released from sub-tidal locations is greater, the variability in 

transport distances is much less.  
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Table 5. 4: Summary of transport and net dispersal distances (km) for all model runs, where n is the 

number of particles released in each run, followed by the mean and standard deviation of particle 

transport and net particle dispersal. The highest (red) and lowest (blue) values of each metric are 

highlighted. 

   transport net dispersal 

Habitat type Behaviour n mean SD mean SD 

intertidal surface 940 476.4 184.7 59.1 35.1 

intertidal bottom 940 189.0 143.4 67.5 32.6 

intertidal S. balanoides 940 485.5 173.0 62.9 32.6 

0 m – 20 m surface 939 566.0 121.8 71.4 38.4 

0 m – 20 m bottom 939 263.3 103.8 17.5 23.0 

0 m – 20 m B. crenatus 939 542.2 133.2 24.6 24.5 

20 m – 100 m surface 925 596.0 104.7 38.6 26.9 

20 m – 100 m bottom 925 285.0 115.7 47.6 28.1 

20 m – 100 m C. hameri 925 432.4 98.7 61.0 33.3 

100 m – 200 m surface 90 658.9 131.0 69.7 33.1 

100 m – 200 m bottom 90 403.0 180.7 60.4 27.9 

100 m – 200 m C. hameri 90 496.9 113.4 74.4 42.7 

 

 

5.3.4 Assessment of model skill 

 

The ability of this biophysical model to predict real patterns of cirripede larval distribution 

was poor for most combinations of particle behaviour and release locations (Tables 5. 5 to 5. 

8). Even so, model predictions tended to be best for early stage nauplii (NII – NIV), and only 

three model runs had r > 0.2 for late stage larvae (B. crenatus-type particles with surface and 

redistributive behaviours, Table 5. 6 and C. hameri-type particles (100 m – 200 m release) 

with bottom transport, Table 5. 8), all of which were in comparison to abundances from 2010. 

Across all habitat-type and behavioural regime combinations, the ability of the biophysical 

model to predict the presence or absence of nauplii is inconsistent, and model predictions 

often suggest zero abundance at stations where presence is observed in field surveys, and 

vice-versa.  

 

Additionally, for most model runs, MEF < 0, indicating that the model is rarely a better 

predictor of larval abundances than the average value of the field observations. Exceptions 
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include the surface run for S. balanoides-type larvae compared to 2009 observations and all B. 

crenatus-type runs compared with 2010 observations (Table 5. 5, Table 5. 6). Linear 

modelling results also indicated that all behavioural permutations of this biophysical model 

consistently under-predict abundances of cirripede larvae of all stages at 2009 and 2010 

stations found in the north-eastern part of the model domain: residuals for this region are 

regularly negative. However, the spread of these residuals is lower, and more homogeneous 

than for other regions, so model predictions for this region may be more reliable across model 

runs (i.e. the model misfit is more consistent).  

 

Modelled particle transport as parameterised for each species was most accurate for runs 

representing early stage B. crenatus when compared with field observations made in 2010. 

The correlation coefficients for surface, bottom, and RDB runs were 0.62, 0.80, and 0.65, 

respectively, signifying that for all runs particle densities and abundances of NII – NIII B. 

crenatus tended to vary together. RMSE was also less than 1 for all B. crenatus runs in 

comparison to 2010 field observations, and these represented the lowest overall RMSE values 

(Table 5. 6). 

 

No model run produces satisfactory output for cyprid larvae, and the associated relationship 

between model predictions and field observations is almost always negative (negative slope). 

For the cyprid stage, the mean of observed abundances across the study area in 2009 and 2010 

are better predictors of cyprid abundance at any station than the model output. 

 

For S. balanoides, the ability of the model to accurately reflect the recorded distributions of 

early stage was better than for late stage, though the assessment metrics indicated a poor fit 

for all model runs (Table 5. 5). The best fit for S. balanoides larvae was for abundances of 

early stage larvae recorded in 2009, but even so r was only 0.12, and the RI indicated that the 

model predictions differed from observations by a factor of 4.  

 

The model runs reflected the observed densities of B. crenatus somewhat better than for the 

other species of cirripedes, particularly when compared with the 2010 field survey data (Table 

5. 6: Summary metrics for assessment of model skill for all B. crenatus model runs in 

comparison with 2009 and 2010 field observations). While the only r > 0.1 when compared 

with 2009 field observations was for early-stage particles limited to surface dispersal, no run 

produced a MEF > 0 for 2009, indicating that the average of field observations in 2009 is a 

better predictor of larval densities than any parameterisation of the particle-tracking model. 
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However, the skill of the model is much better in comparison with 2010 field survey data, 

particularly for early-stage particles dispersing solely at the bottom. The correlation 

coefficient between early-stage particle distributions from the bottom run and the 2010 survey 

abundances was 0.80, the highest of any combination of model run and field survey year. For 

the same combination, the RMSE was 0.623, and MEF was 0.612, representing the best 

match for early-stage B. crenatus larvae (Table 5. 6). Even so, when compared with 2010 

abundances of early B. crenatus, the RI of all model runs was greater than 3, and was as high 

as 6.8 for particles with redistributive behaviour.  

 

Model runs did not reflect the abundance of late-stage B. crenatus larvae well. While r = 0.35 

was achieved for the surface run in comparison with 2010 field abundances, the MEF for this 

run was -0.27, suggesting that the model prediction was no better than the average value of 

recorded field observations (Table 5. 6). 

 

In the case of C. hameri, the model better predicted field survey abundances when particles 

were started at deeper habitat, below 100 m, when compared with start locations of 20 m – 

100 m, particularly for the 2010 dataset. While the chosen metrics indicated that model skill 

was poor for both sets of particle start locations in relation to 2009 observations of larval 

abundances, deeper start locations produced somewhat better correlation coefficients than 

shallower start locations (r, Table 5. 7, Table 5. 8). The highest correlations between field 

observations and model output was achieved for C. hameri-type particles released at depths > 

100 m, and confined to the bottom of the water column. However, the remainder of model 

skill metrics are unaffected by particle start depth, and are indicative of poor model skill with 

respect to C. hameri larval distributions in both 2009 and 2010 (Table 5. 7, Table 5. 8).
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Table 5. 5: Summary metrics for assessment of model skill for all S. balanoides model runs in comparison 

with 2009 and 2010 field observations 

 2009  2010 

 early late cyprid  early late cyprid 

surface        

slope 0.888 0.581 0.384  0.058 0.028 -0.325 

r 0.120 -0.188 -0.384  0.058 0.027 -0.325 

RI 4.259 4.015 5.062  3.772 3.113 2.824 

RMSE 1.297 1.507 1.627  1.355 1.377 1.607 

MEF 1.507 -1.272 -1.648  -0.836 -0.895 -1.581 

r squared -0.008    -0.007   

bottom        

slope -0.213 -0.185 -0.034  0.062 -0.109 -0.020 

r -0.213 -0.185 -0.034  0.062 -0.109 -0.020 

RI 4.057 2.532 5.355  3.531 4.339 3.164 

RMSE 1.523 1.506 1.406  1.352 1.470 1.410 

MEF -1.320 -1.267 -0.978  -0.828 -1.161 -0.988 

r squared -0.050    -0.039   

RDB        

slope. 0.041 0.031 -0.396  -0.081 -0.024 -0.257 

r 0.041 0.031 -0.396  -0.080 -0.024 -0.257 

RI 3.660 3.467 4.656  4.076 4.042 3.380 

RMSE 1.355 1.362 1.634  1.451 1.413 1.565 

MEF -0.835 -0.854 -1.671  -1.106 -0.996 -1.450 

r squared -0.022    -0.020   

 

  



Chapter 5: Numerical simulations of barnacle dispersal 
 

163 
 

Table 5. 6: Summary metrics for assessment of model skill for all B. crenatus model runs in comparison 

with 2009 and 2010 field observations 

 2009  2010 

 early late cyprid  early late cyprid 

surface        

slope 0.162 -0.285 -0.377  0.619 0.347 -0.355 

r 0.162 -0.285 -0.377  0.619 0.347 -0.355 

RI 3.337 3.344 4.534  3.089 3.698 3.153 

RMSE 1.266 1.568 1.623  0.862 1.128 1.625 

MEF -0.604 -1.458 -1.635  0.257 -0.272 -1.641 

r squared 0.010 
  

 0.174   

bottom     

slope -0.100 -0.184 -0.029  0.801 -0.064 -0.034 

r -0.100 -0.184 -0.029  0.801 -0.064 -0.034 

RI 3.521 3.226 5.624  3.132 3.138 4.906 

RMSE 1.451 1.505 1.403  0.623 1.440 1.419 

MEF -1.105 -1.265 -0.969  0.612 -1.073 -1.014 

r squared -0.063 
  

 0.180   

RDB     

slope. 0.085 -0.240 -0.311  0.649 0.251 -0.395 

r 0.085 -0.240 -0.311  0.649 0.251 -0.394 

RI 5.395 4.317 5.181  6.807 4.088 3.343 

RMSE 1.323 1.540 1.584  0.828 1.208 1.648 

MEF -0.750 -1.372 -1.508  0.315 -0.460 -1.717 

r squared -0.021 
  

 0.178   
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Table 5. 7: Summary metrics for assessment of model skill for all C. hameri (start depth: 20 m – 100 m) 

model runs in comparison with 2009 and 2010 field observations 

 2009  2010 

 early late cyprid  early late cyprid 

surface        

slope -0.228 -0.409 -0.386  0.191 -0.301 -0.423 

r -0.228 -0.409 -0.386  0.191 -0.301 -0.423 

RI 3.356 3.300 5.339  4.609 4.015 3.987 

RMSE 1.533 1.642 1.628  1.256 1.592 1.665 

MEF -1.349 -1.695 -1.651  -0.576 -1.535 -1.772 

r squared 0.053 
  

 0.061   

bottom     

slope -0.124 -0.143 -0.061  0.057 0.063 -0.132 

r -0.124 -0.143 -0.061  0.057 0.063 -0.132 

RI 2.782 3.112 5.142  5.167 4.496 4.918 

RMSE 1.467 1.479 1.425  1.356 1.351 1.485 

MEF -1.151 -1.187 -1.030  -0.838 -0.826 -1.207 

r squared -0.065 
  

 -0.036   

RDB     

slope. -0.259 -0.446 -0.231  0.036 -0.108 -0.322 

r -0.259 -0.446 -0.231  0.036 -0.108 -0.322 

RI 3.427 4.173 4.763  4.474 4.826 3.791 

RMSE 1.552 1.663 1.534  1.370 1.469 1.605 

MEF -1.409 -1.766 -1.355  -0.878 -1.159 -1.576 

r squared 0.035 
  

 -0.004   
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Table 5. 8: Summary metrics for assessment of model skill for all C. hameri (start depth: 100 m - 200 m) 

model runs in comparison with 2009 and 2010 field observations 

 2009  2010 

 early late cyprid  early late cyprid 

surface        

slope -0.161 -0.372 -0.218  0.142 -0.230 -0.166 

r -0.161 -0.372 -0.218  0.142 -0.230 -0.166 

RI 3.604 3.220 3.813  6.442 4.029 2.969 

RMSE 1.526 1.490 1.526  1.293 1.548 1.507 

MEF -1.220 -1.625 -1.330  -0.673 -1.398 -1.272 

r squared -0.003 
  

 -0.010   

bottom     

slope -0.120 -0.117 -0.082  0.245 0.348 -0.139 

r -0.120 -0.117 -0.082  0.245 0.348 -0.139 

RI 3.051 4.230 4.640  4.772 3.797 3.739 

RMSE 1.464 1.462 1.439  1.213 1.127 1.490 

MEF -1.143 -1.137 -1.071  -0.471 -0.271 -1.220 

r squared -0.067 
  

 0.025   

RDB     

slope. -0.210 -0.392 -0.266  0.212 -0.373 -0.225 

r -0.210 -0.392 -0.266  0.212 -0.373 -0.225 

RI 3.637 3.973 5.265  4.660 3.902 2.921 

RMSE 1.521 1.632 1.556  1.239 1.636 1.545 

MEF -1.314 -1.662 -1.422  -0.536 -1.676 -1.387 

r squared 0.017 
  

 0.037   
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When distributions across all naupliar stages are taken together, the biophysical model 

performs best for S. balanoides in comparison to the 2009 field dataset, and for B. crenatus in 

comparison to the 2010 field dataset. The greatest similarity between any model run across all 

species and field observations occurs between the RDB model run and 2009 field 

observations of S. balanoides (Bray-Curtis dissimilarity: 0.258, Appendix 10), followed by 

the RDB model run and 2010 field observations of B. crenatus (Bray-Curtis dissimilarity: 

0.261, Appendix 10). nMDS ordination plots of Bray-Curtis dissimilarity matrices across 

model runs and field observations show clustering between model surface and RDB runs, as 

before (Figure 5. 16). The 2009 field observations of B. crenatus and S. balanoides are 

relatively close to the cluster of surface and RDB model runs, but field observations of C. 

hameri in this year are substantially separated from both field and model observations (Figure 

5. 16). When 2010 field observations are compared to model output in this manner, the 

separation of C. hameri from other observations is much less, and groupings by model run 

type are more diffuse. 
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(A) 

 

(B) 

 
 

Figure 5. 16: nMDS ordinations of modelled particle distributions and 2009 (A) and 2010 (B) field 

observations. Species are represented as SB, S. balanoides, BC, B. crenatus, and CH, C. hameri. C. hameri 

particles released at depths > 100 m in model runs are represented by CHd. Model runs are represented 

as 1, surface, 2, bottom, 3, RDB, while field observations are indicated by ‘_f’.  
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5.4 Discussion 

 

Particles in the model dispersed between 17.5 and 74 km from release locations over 33 days. 

This meant that particles could effectively be dispersed throughout the model domain. These 

dispersal distances are only slightly less than those calculated for various fish eggs and larvae 

in the Irish Sea (60 - 100 km, van der Molen et al. 2007), and for crab larvae along the 

Portugese coast (57 - 198 km, Domingues et al. 2012). Previous models of larval dispersal for 

the barnacle Balanus glandula produced mean dispersal distances which ranged from 3.5 to 

27 km, with a maximum dispersal of 128 km (Pfeiffer-Herbert et al. 2007), though the vertical 

distribution routines used in the B. glandula model (naupliar transport at depth, cyprids at the 

sea surface) were very different from those observed in Chapter 3. As previously proposed by 

Shanks (2009), dispersal distances of 10 to 100s of kilometres seem typical for species with 

relatively long-lived planktonic stages such as most cirripedes, implying that these are the 

geographic scales at which modelling and field studies of larval dispersal should be carried 

out. While many larvae are often retained near spawning habitat, as reflected by the minimum 

dispersal distances cited above, long-distance dispersal events and vagrant larvae may have 

important connectivity impacts on distant populations (Levin 2006), suggesting that regional-

scale models such as the FVCOM model of the Firth of Lorn should be coupled with larger, 

continental-shelf scale models to capture the full scale of dispersal. 

 

Geographical spawning location has previously been cited as an important determinant of 

larval dispersal (Edwards et al. 2007, López-Duarte et al. 2012), but often the horizontal 

scales of the model domains used in such studies are much larger, encompassing significant 

portions of continental shelves. In a model of larger domain size, the diversity of rocky 

habitat (particle start locations) designated in the particle tracking models presented here may 

end up amalgamated in one or two defined spawning locations. For example, were the 

FVCOM model described here extended to cover the entire west coast of Scotland, particles 

released from locations outside the Firth of Lorn are likely to have distinct dispersal tracks 

from those released within the Firth of Lorn, even when given similar vertical distribution 

routines. However, particles released from differing habitat patches within the Firth of Lorn 

given similar vertical distributions resulted in similar particle distributions after 33 days of 

dispersal. This highlights the importance of geographical scale as a descriptive parameter in 

this type of study (Werner et al. 2007). Cowen et al. (2006), for instance, describe 
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ecologically relevant connectivity as occurring on the scale of 10 km to 100 km for coral reef 

fishes, in line with conclusions on particle dispersal from the Firth of Lorn model.  

 

The barnacle populations examined probably represent a single population from the 

perspective of connectivity: there was little evidence that particular locations in the Firth of 

Lorn would be isolated and so unconnected with other areas. Particle release locations may all 

be affected by the same mesoscale oceanographic processes through the allotted particle 

dispersal duration. At larger scales (> 10’s – 100 km), habitat configuration would be 

expected to become more important as individuals spawned at different locations are likely to 

experience different patterns of coastal flow, and so will have different dispersal pathways 

among locations (López-Duarte et al. 2012). It may be that spawning location becomes an 

important determinant of larval dispersal patterns only at scales greater than those relevant for 

ecological connectivity, or greater than 10’s – 100 km. Below this threshold, patterns of 

dispersal unified by common vertical distributions may enable consistent connectivity and 

population persistence regardless of habitat configuration and large scale oceanographic 

variability. Above this threshold, population connectivity may be a function of configuration 

of both source and sink habitats in relation to mesoscale flow features, and may be more 

likely to result in maintenance of genetic diversity, rather than immediate population 

persistence. The bimodal pattern of dispersal distances in relation to pelagic larval duration (< 

10’s km or 100’s km) suggested by several authors may be a reflection of these scales of 

connectivity as measured by ecological relevance (10’s km) and by population genetics (100’s 

km) (Shanks et al. 2003, Siegel et al. 2003, Levin 2006, Shanks 2009).  

 

5.4.1 Vertical distribution influences larval transport and dispersal 

 

As expected, vertical positioning in the modelled flow fields strongly influenced the dispersal 

paths and transport distances of particles in the Firth of Lorn. Net current speeds are generally 

greater in the upper portion of the water column, owing to the combination of wind and tidal 

forcing (Knauss 1996), and as such have the potential to result in greater transport distances 

for particles constrained to these model depth layers. Substantial horizontal transport of larvae 

in the upper part of the water column is unlikely to be the reason for larval aggregation at the 

surface, but rather a by-product of the larval response to light, food concentrations 

(Singarajah et al. 1967), temperature, or salinity (Banse 1986, Metaxas 2001, Sameoto and 

Metaxas 2008, Daigle and Metaxas 2012). As mentioned in Chapter 1, strong horizontal 
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velocities do not necessarily correlate with significant horizontal transport, but rather give 

particles potential to disperse to locations over a greater range of distances. This is 

particularly true for S. balanoides model runs, where particle transport is greatest for surface 

and RDB runs, but net dispersal is greatest for the model run with bottom-seeking particles. 

 

Where particles are started at deeper habitat (> 20 m), transport distances for surface particles 

are high, but the variability in transport distances (as indicated by the SD) was greater for 

particles which were maintained in the bottom model layer. While the overall distribution 

pattern of these particles is similar to that of other species, C. hameri–type particles 

transported at the sea surface also exhibit the greatest mean transport distances of any run. 

The start habitat for C. hameri is predominantly offshore, farther from shallow coastal habitat 

which is likely to be subject to lower current velocities caused by bottom friction, and a 

coastal boundary layer, limiting cross-shore transport (Largier 2003). Wolanski (1994) coined 

the term ‘sticky water’ to describe this type of near-shore retention. This phenomenon may 

also explain the greater particle transport and net dispersal distances observed for C. hameri 

model runs, especially when particles are released at depths > 100 m and the average transport 

distance is substantially greater than for the remainder of other habitat start types. This is 

because larvae spawned in offshore environments without ‘sticky water’ may be more quickly 

swept into stronger flows away from natal habitat, increasing transport velocities and 

dispersal to distant habitat patches, thereby increasing connectivity.  

 

Particles at the surface experience the greatest transport, but this transport may be subject to 

frequent reversal in transport direction resulting from fluctuating wind patterns and/or tidal 

cycles, thus decreasing the net dispersal distance. Such reversals may be of lesser magnitude 

at greater depths in the water column, or the direction of flow may simply be more consistent, 

which is reflected in the surprisingly high net dispersal of bottom-seeking S. balanoides and 

C. hameri particles. When surface and realistic vertical distribution model runs are compared 

within each species, many similarities are apparent in the patterns of larval dispersal, 

particularly for S. balanoides and B. crenatus. The realistic vertical distributions of these 

species are characterised by substantial abundance in near surface waters, B. crenatus with an 

abundance peak at the surface, and S. balanoides with an abundance peak at approximately 

20% of the water column depth (Figure 5. 5). As a consequence, the horizontal flow velocities 

experienced by the majority of particles at these depths were similar in both direction and 

magnitude to those at the surface. However, mean transport and dispersal distances for S. 

balanoides particles with RDB are greater than for B. crenatus, perhaps as a result of residual 
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currents flowing to the west (Appendix 9) acting against wind-induced flows at the surface 

(towards the east from westerly winds), as the strength of wind-induced currents weakens 

with depth (Knauss 1996). 

 

Particles of C. hameri modelled with RDB were more likely than particles with static surface- 

or bottom-seeking distributions to enter the more strongly estuarine or fjord like areas of the 

model domain, such as the north-easternmost region. Vertical migration has often been 

suggested as a mechanism to enhance the transport of larvae into and out of embayments and 

fjords, particularly when synchronized with a major component of the tides (Rothlisberg et al. 

1995, Epifanio and Garvine 2001, Sponaugle et al. 2002). The C. hameri realistic distribution 

applied to particles in the model had two abundance maxima: at the sea surface, and at 60% of 

the full water column depth. This distribution may approximate the average distribution 

pattern of a temporally dependent bimodal vertical migration, such as diel or tidally 

synchronised, and so in this model allows particles to be transported into estuarine sea lochs 

such as Loch Linnhe. (Rothlisberg et al. 1995, DiBacco et al. 2001). However, few studies 

have observed such migrations in barnacle nauplii although patterns of cyclical vertical 

migration have been observed in the cyprids of some, but not all, species of cirripede (e.g. 

Tapia et al. 2010). 

 

Finally, a large proportion of particles released in the model runs described here were 

transported towards the western and northern boundaries of the model domain, where 

maximum particle time-steps (i.e. densities) were recorded in every model run (Figures 5. 7 – 

5. 10). For intertidal species, offshore transport beyond the coastal region prior to the larval 

settlement period may represent a source of substantial loss of larvae, as little habitat exists 

for these organisms in deeper waters. Sub-tidal species may also experience loss of larvae 

offshore, though for deep-water species for whom rocky habitat availability is already sparse, 

offshore transport into stronger coastal current flows may enable dispersal to distant, patchy 

habitat, balancing this loss of larvae. For example, S. balanoides cyprids may be able to 

persist and disperse for 3-4 weeks following metamorphosis until settlement habitat is found 

(Lucas et al. 1979), though settlement success will decline with increasing duration of the 

cyprid stage (Pechenik et al. 1993). The range of average net dispersal distances (17 – 75 km) 

from particles in all model runs, however, is less than the geographical range of the model 

domain, suggesting that while some larvae may be lost offshore, a substantial  proportion will 

remain within the region, and in proximity to habitat for settlement. 
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5.4.2 Model skill and future improvements 

 

When compared with the available field survey observations, the ability of the model to 

produce accurate predictions of cirripede larval abundance was poor, and further iterative 

parameterisation of this biophysical model could improve its predictive ability. Alternatively, 

field observations from annual surveys only provide a partial picture of larval abundances and 

distribution, based on seasonal timing and sampling locations, and may be subject to 

additional variability introduced by sampling gear and sub-sampling of plankton samples, so 

improved field sampling resolution could reveal better agreement with model predictions. 

 

Because of logistical constraints, the FVCOM model flow fields used in this study were for a 

time period not generally associated with naupliar release and dispersal of the spring-breeding 

barnacle species treated here, which could be an additional cause of discrepancies between 

field observations and model output. Seasonal differences in boundary conditions and 

forcings on the FVCOM model domain between June/July (this model) and March/April 

survey periods may mean that field observations reflected reduced offshore transport of larvae 

in the spring when compared with model output, which could be a result of greater wind 

intensities from a south-westerly direction in the spring. However, background flows and tidal 

forcing were still well represented by the model, and with this in mind the general pattern of 

horizontal distribution should have been similar across the spring and summer period. 

 

Field observations also showed that strong haloclines existed at stations located in the inshore 

(north-eastern) part of the Firth of Lorn resulting from substantial spring freshwater run-off 

(Ellett and Edwards 1983). This seasonal run-off was not included in the June/July FVCOM 

model so inshore to offshore flows could have been under-estimated, particularly along the 

south coast of Mull. Given that lower salinity runoff is less dense than the remainder of the 

water column and remains at the surface (Knauss 1996), this would have a stronger effect on 

surface particles. While the concentration of particles along the south and west coasts of Mull 

in surface model runs may be a reflection of these flows, it is possible that runoff-related 

residual currents may be greater at the spring spawning time, transporting larvae further than 

predicted by the June/July model flow fields. As a result, over-prediction of larval abundances 

in the inshore part of the model domain would be expected in comparison to field survey 

observations. In actual fact, the model consistently under-predicts abundances in this region 

(Appendix 11), suggesting that advection away from this area may be too strong. Over-
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prediction of successful downstream transport can occur as a result of both insufficient 

diffusion and mortality (Gawarkiewicz et al. 2007) but it has also been suggested that in many 

biophysical models of larval dispersal the value of K (a value of 0.2 m2 s-1 was used in the 

present model), or the diffusion coefficient, is too low to accurately reflect sub-grid-scale 

turbulent processes and diffusion (Largier 2003). Furthermore, Werner et al. (2007) state that 

modelling studies in areas of complex hydrodynamics can often produce misleading 

accumulations of particles if directionally dependent horizontal and vertical diffusivities are 

not well parameterised, so further sensitivity analysis on the diffusion coefficient may be 

useful in improving the accuracy of predictions. 

 

This model also assumes that particles are released in even quantities from start locations, 

which is unlikely to be the case in the natural environment. In the case of barnacles, spatial 

variation in both population densities and reproductive output has been linked to water 

column food concentrations, local current velocities, and wave exposure (Bertness et al. 1991, 

Leslie et al. 2005), conditions which in reality are by no means constant across the model 

domain. An improved model parameterisation would take into account conditions related to 

barnacle secondary production, and adjust the number of particles released from any one 

location accordingly. However, it is unclear as to how important reproductive output would 

be relative to the overall particle distributions produced by the model, as it has been shown 

here that habitat configuration is often less important than larval vertical positioning with 

respect to current flow patterns at the scale of the model domain.  

 

The three-dimensional nature of this model implies that vertical mixing processes are inherent 

in the flow fields used to drive particle trajectories, though the parameterized particle 

dispersal paths only respond to the horizontal component of these velocity fields. Instead, the 

RDB routines applied to particles in this study are assumed to incorporate vertical turbulence 

and mixing processes, by representing the average vertical distribution of all particles across 

the model domain, and so incorporating the net effect of any larval vertical migration or 

swimming behaviour. If the water vertical velocities in the FVCOM flow fields are accurate, 

it might be expected that similar vertical distributions could be obtained when particles 

subject to vertical mixing, etc. as prescribed by the flow fields, are given full individual 

behavioural routines which include accurate representations of vertical migrations and 

swimming speeds of nauplii and cyprids– a challenging task, at least for the nauplii of species 

described here (but see Singarajah 1969, Yule 1982). 
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The overall gradual decline in model skill with increasing particle age/larval duration suggests 

that the misfit between the model and field observations is the result of cumulative errors in 

model parameterization. As such, the present biophysical model may be appropriate for early 

cirripede nauplii, as model skill rapidly declines for particles beyond eight days of duration. 

The difficulties in obtaining a sufficient set of field observations for model verification and 

validation must also be mentioned here. The observational dataset must be of sufficient spatial 

extent to accurately reflect the geography of the model domain, but also of sufficient 

resolution to overcome the patchy nature of plankton distributions. The two zooplankton 

surveys in this study were carried out at 23 and 30 stations, respectively, across the study 

region in two years. While more extensive ship-board work could improve the model 

validation dataset, the cost and resource availability for such studies will always be a limiting 

factor. The value of coupled biological and physical oceanographic models, then, lies in 

exploring general connectivity properties and testing the impacts of different behaviours, 

which can then be applied to, and tested in a diversity of field locations. 

 

5.4.3 Using biophysical models to predict dispersal around MREDs 

 

While further improvements should be made to this model before using it to predict the 

abundance of cirripedes colonising MREDs in the Firth of Lorn region, this study has 

presented useful insights which can be applied to installations currently planned in this area. 

For instance, in terms of retention and boundary layers, larval released from offshore MREDs 

are more likely to act in a similar fashion to the particles released at deeper, further offshore 

locations in this model. The transport of these larvae may be substantially enhanced when 

compared to those spawned in shallower water (< 20 m), as they are likely to spend less time 

in friction-slowed currents and turbulence before entering stronger, directional currents. This 

has strong implications for the connectivity of these structures, as once colonised they could 

act as sources of larvae to distant habitats, which could be of particular concern in the case of 

non-native species. However, it may be that the configuration of certain types of MRED array 

alter local hydrodynamics to increase turbulence and decrease current speeds (Shields et al. 

2011), this may in turn stimulate greater larval retention in the vicinity of an array, 

counteracting the lack of a boundary layer restricting transport. Small scale hydrodynamic 

models of individual devices or arrays nested within larger hydrodynamic model domains 

could help to clarify this uncertainty and are being implemented for the purposes of 

Environmental Impact Assessments and engineering design studies. 
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The potential stepping-stone effect of MREDs has been cited numerous times as a potential 

ecological effect of developments (e.g. Inger et al. 2009, Boehlert and Gill 2010, Shields et al. 

2011), yet no studies to date have explicitly investigated this phenomenon. Most likely, the 

time- and resource- intensive nature of field-based connectivity studies has inhibited them 

from becoming part of routine environmental impact assessments (EIA), but well-

parameterised models for a region of interest may provide more efficient means to carry out 

these studies across a range of species.  

 

Current marine renewable energy EIA regulations state that cumulative effects must be 

addressed in any EIA, and could include additive, combined, or synergistic effects over local, 

regional, or global scales (European Commission 1999). As such, modelling studies of larval 

connectivity could be useful when identifying the scales of concern for relevant 

environmental effects (e.g. spread of non-native species, enhancement or detraction from 

commercial species stocks). For example, nested hydrodynamic models coupled to well-

parameterised particle tracking routines could simultaneously highlight larval transport of a 

species to and from an individual array, and between a network of arrays along the Scottish 

west coast. To this end the FVCOM model described here could be integrated into a larger 

hydrodynamic model whose domain encompasses the length of Scotland’s west coast. This 

approach has been suggested as a solution to the pressing challenge of addressing 

connectivity across multiple scales of interaction (Fringer et al. 2006, Werner et al. 2007). 

Such an exercise could also clarify the scales at which the configuration of MRED arrays 

interacts with connectivity processes, given that within the current FVCOM model domain 

habitat configuration was deemed to be less important, while in larger, continental shelf-scale 

models habitat configuration becomes more significant. This, in turn, may be useful for 

marine spatial planning, reducing fouling and/or the spread of non-native species, and 

encouraging colonisation by ‘desirable’ species where MRED arrays represent de-facto no-

take zones or MPAs.  

 

Coupling hydrodynamic models to realistic observations remains a significant challenge, 

which few studies have overcome (Gawarkiewicz et al. 2007). This study is one of the few to 

date which has been statistically assessed against field observations of larval distributions 

(e.g. Gilg and Hilbish 2003, Paris and Cowen 2004, Arnold et al. 2005, Fox et al. 2006, 

Domingues et al. 2012). No study has yet explicitly modelled larval dispersal and 

connectivity between MREDs; following further model parameterisation and sensitivity 
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analysis, this is a logical next step for the model presented here, given the likelihood of 

MRED development in this region in the future.  

 

5.4.4 Summary and extensions for modelling connectivity of MREDs 

 

In its current form, the biophysical model of larval dispersal presented here is useful for 

exploring the mechanisms governing dispersal in this, and other complex regions, but is not 

yet suitable for use as a predictive tool. While biophysical models should not necessarily be 

seen as alternatives to resource-intensive empirical studies, they can provide insight and focus 

hypotheses to be tested in field studies (Levin 2006, Werner et al. 2007, Le Corre et al. 2012). 

In this modelling study it was possible to follow over 2800 particle tracks at varying depths 

over 33 days; a field study of equivalent resolution would be virtually impossible.  

 

Outputs from this model suggest that while habitat configuration may be an important 

determinant of larval dispersal and population connectivity patterns at continental-shelf scales 

(Natunewicz et al. 2001, Edwards et al. 2007, Treml et al. 2008), at local to regional scales 

larval behaviour is a strong determinant of dispersal patterns (Fox et al. 2006, North et al. 

2008). This model has also revealed that larvae spawned in deeper water (often further 

offshore) tended to experience greater horizontal transport, particularly when they had surface 

seeking behaviour. Following on, these concepts may be tested in various coastal settings 

through plankton surveys, and/or genetic and trace elemental fingerprinting techniques (Levin 

2006). 

 

An important finding was that the scales of dispersal were from 10s to 100s of km, implying 

that larger model domains are required to simultaneously capture both larval retention and 

long distance dispersal. The mismatch between the model output and field observations of 

cirripede larval abundances, demonstrates the importance of sufficiently ground-truthing 

biophysical models prior to their use as predictive tools. While further improvements to the 

accuracy of FVCOM model forcing and flow fields are currently under way (D. Aleyanik, 

pers. comm.), further refinements to the particle-tracking routines to better reflect cirripede 

larval behaviours can be made. Vertical distributions should be monitored over longer time 

frames in a field setting, in order that any temporal changes in relation to diel or tidal cycles 

can be resolved, while complementary laboratory-based studies could provide better 

measurements of larval swimming speeds. Larval mortality was not considered in these 
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iterations of the biophysical model, but could be included with the use of vertical life tables, 

as described by Tapia and Pineda (2007). However, measurement of mortality rates for 

planktonic organisms, especially when the mortality rates are spatially varying, is extremely 

challenging (Peck and Hufnagl 2012).  

 

In barnacles, synchronous naupliar releases have often been observed (Barnes 1989, and 

references therein), but varying release dates may influence dispersal distances and settlement 

locations of larvae (McQuaid 2010, López-Duarte et al. 2012). Following on, in the case of 

MREDs, certain fouling species may be more important than others, depending on their time 

of larval release. While this study utilized spring-breeding barnacles, other species such as 

Chthamalus stellatus reproduce during the summer months. Both represent potential MRED 

fouling species, though seasonal fluctuations in current flows may mean that some species 

may be a more significant component of the epibenthic community than others, depending on 

the time of spawning. By extending the FVCOM model run across one or more years, the role 

of seasonal and inter-annual fluctuations in determining dispersal patterns could be assessed 

(Cowen et al. 2006), and may help to provide better insight into the long-term development of 

benthic communities on, and around MRED devices, as well as along natural coastlines. 

Further modelling efforts may also include multiple generations, with larval releases from 

multiple colonised MRED arrays as infrastructure grows. 

 

Along the same lines, this model could be further adapted to reflect the larval dispersal of 

species of special ecological interest found in this region, such as the polychaetes Sabellaria 

sp. and horse mussels (Modiolus modiolus), or species of commercial relevance, including the 

European lobster (Homarus gammarus), the edible crab (Cancer pagarus), and the queen 

scallop (Aquipecten opercularis). To sufficiently parameterise a biophysical model for these 

species, detailed information on spawning locations, pelagic larval duration, larval vertical 

distributions and migrations, and mortality rates would be required, whether from literature 

sources or survey work to ground-truth any assumptions made.  

 

By incorporating biophysical modelling studies such as this one into the planning processes 

for MRED arrays, marine protected areas, fishing ground designations, and other marine 

interventions it may be possible to better understand the cumulative effects of anthropogenic 

influence in offshore environments from a connectivity perspective. This could improve our 

capacity to designate such areas with minimum impact (in the case of MREDs and fishing 

grounds), or maximum effectiveness (in the case of protected areas). However, it is essential 
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that the skill of such model to produce the desired output is thoroughly assessed prior to 

incorporating outputs into any planning process. By doing so, it may be possible to improve 

our understanding of the physical and temporal scale of changes in connectivity processes 

resulting from MREDs, as to predict emergent biogeographic benefits (i.e. increase in 

biodiversity or productivity) or detriments (i.e. spread of non-native species, biofouling 

causing mechanical failure of devices) of the new hard habitat they create. 
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Chapter 6: General Discussion 

 

Many authors have suggested that man-made structures in the marine environment can act as 

‘stepping-stones’, mediating species range expansion or invasions, with the potential for 

associated biogeographic effects (Bulleri and Airoldi 2005, Sheehy and Vik 2010, Shields et 

al. 2011). As an often-cited environmental impact, the effect of MREDs on population 

connectivity has proven difficult to assess, as our understanding of the underlying 

mechanisms for larval transport and dispersal to and from these structures is limited. This 

thesis aimed to address fundamental questions about processes influencing larval dispersal, 

and then to apply the outcomes to artificial habitat creation in the form of MREDs. 

 

The biological and physical processes influencing larval dispersal act at scales from 

millimetres to 100s of km, and processes acting at one scale often influence those acting at 

another. Integrative studies which address interacting biophysical processes are rare, but are 

also time and resource intensive. Recent reviews of larval dispersal and population 

connectivity have repeatedly highlighted several research needs or challenges, which include 

the acquisition of field datasets of propagule distributions with adequate resolution, and the 

simultaneous study of multiple species with differing habitat preferences (Levin 2006, Pineda 

et al. 2007, McManus and Woodson 2012). 

 

This thesis makes an attempt to address the dispersal of several species at multiple scales, 

starting from a regional scale (10s km), then focussing on location-specific characteristics 

(10s m scale), and finally highlighting processes acting at the scale of the individual larva 

(mms to cms). The aims of this thesis were: 

 

1) To clarify the influence of coastal geography and physical water column features on 

cirripede larval dispersal in complex coastal environments. 

2) To identify any divergence in larval vertical distributions between species and across 

larval stages, and to test a potential mechanism for such divergent distributions. 

3) To use a modelling approach to determine the relative influence of habitat 

configuration and larval vertical positioning on the horizontal distribution of barnacle 

larvae in a complex coastal environment. 
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4) To identify biological characteristics and/or hydrodynamic processes which could 

influence the connectivity of offshore structures, such as MREDs, to other habitats, 

and to assess the potential for associated biogeographic effects. 

 

Four separate studies were carried out, focussing on cirripede larvae to address the above 

aims. The horizontal distributions of cirripede larvae in this region were previously un-

sampled at this geographical and taxonomic resolution, and to my knowledge this thesis is 

unique in describing the larval vertical distributions of the cirripedes Semibalanus balanoides, 

Verruca stroemia, Balanus crenatus, Balanus balanus, and Chirona hameri at the resolution 

of individual naupliar stages at a broad range of sampling depths (sea surface to ~100 m). 

This thesis also describes the first measurements of sinking rate, mass density, and density 

contrast for the larvae of two species of intertidal barnacles (Semibalanus balanoides and 

Austrominius modestus) through the larval developmental period. Finally, these observations 

and experimental outcomes were used to parameterize a high-resolution numerical model of 

larval dispersal in the Firth of Lorn, which enabled prediction of species dispersal and 

connectivity patterns in relation to larval morphology and vertical positioning and adult 

habitat configuration.  

 

6.1 The influence of coastal geography and physical water column features on cirripede 

dispersal 

 

6.1.1 Coastal geography and oceanographic flows 

 

Through both field sampling and biophysical modelling, this study has demonstrated the 

relative importance of coastline geography, habitat configuration, and physical water column 

features on larval dispersal in the Firth of Lorn.  

 

Cirripede nauplii were found in greatest abundances at the western boundary of the Firth of 

Lorn, particularly in later stages of larval development, suggesting that a large proportion of 

larvae originating from inshore habitat are transported offshore during the dispersal phase. 

Gradual transport of larvae in the offshore direction has often been observed for coastal 

invertebrates, but is almost always combined with a mechanism for the return of competent 

larvae to inshore regions for settlement. For instance, along the Californian coast, Tapia and 
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Pineda (2007) observed that cirripede larvae in proximity to the shore were often of early 

naupliar stages (NII), or competent cyprids, while larvae of intermediate - late stages (NIV-

NVI) were observed in greater abundances further from shore. This suggests that nauplii 

spawned from coastal populations are gradually transported offshore, but are then able to 

return to the near-shore environment in order to settle at appropriate habitat, though the 

spatial scale of that work (0 - 1 km) was substantially reduced in comparison to the Firth of 

Lorn. Other studies of invertebrate larval dispersal in similar locations (California, USA), 

have also suggested that abundances of larvae decrease with distance from shore (e.g. Shanks 

and Shearman 2009), and that cross-shelf transport may (Pfeiffer-Herbert et al. 2007) or may 

not (Shanks and Shearman 2009) be influenced by the opposing upwelling and downwelling 

periods common to this region.  

 

In contrast to the coast of California, the Firth of Lorn is a relatively complex region, enclosed 

by islands or mainland on three sides and subject to estuarine, as opposed to upwelling-type 

circulation. In Chapters 2 and 3, larvae of the intertidal S. balanoides were found in 

substantial abundances at more than 10 km from land, while subtidal species could be found 

even further offshore. These findings suggest that in the absence of coastal 

upwelling/downwelling, cirripede larvae can be transported much further offshore than 

previously suggested, and this is supported by the substantial offshore transport of modelled 

particles in Chapter 5. Though the scale of this dispersal is potentially greater, the pattern of 

horizontal stage distributions observed in other studies was reflected, in part, in the Firth of 

Lorn: older nauplii and cyprids were progressively more abundant further offshore. This 

suggests that the coastal geography of the region of study is of intrinsic importance to the 

processes of larval dispersal and settlement, and may influence the degree of connectivity or 

larval retention which occurs in any one area. Gaines and Bertness (1992) demonstrated 

similar transport processes related to estuarine-related residual currents for S. balanoides in 

Narragansett Bay, Rhode Island, suggesting that the flushing time of the bay was inherently 

related to the offshore transport of larvae. 

 

In Chapter 2, it was also suggested that wind forcing could play an important role in 

determining the overall distribution of cirripede larvae. Where the predominant wind direction 

was aligned with the axis of the Firth of Lorn, fewer nauplii were observed in the offshore 

region of the study domain. Though residual currents in the region may still transport larvae 

offshore, this process may be moderated by wind forcing during the dispersal period, 

particularly for species whose larvae reside in the upper layers of the water column (e.g. S. 
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balanoides, and B. crenatus). By adjusting the strength and direction of wind used to drive the 

FVCOM model described in Chapter 5, it could be possible to determine how influential 

wind-driven currents are in this region, and whether or not they result in varying population 

connectivity between populations within and out-with the Firth of Lorn.  

 

As suggested in Chapters 2 and 5, offshore transport of larvae is also likely to be influenced 

by the size and strength of the coastal boundary layer. While the overall patterns of transport 

and dispersal were similar for particles released from a variety of habitats in the FVCOM 

model, the net particle dispersal was significantly greater for particles released further from 

shore, e.g. C. hameri – type particles. Along-shore habitat configuration may not be as 

significant a determinant of larval transport as vertical positioning behaviour, but the results 

presented in Chapter 5 suggest that the onshore-offshore positioning of habitat may 

substantially influence the dispersal potential of a species. To date, few, if any, studies of 

larval dispersal have directly considered species from different habitat types (but see López-

Duarte et al. 2012), and most focus on several species with predominantly shallow, near-shore 

habitat (e.g. Gilg and Hilbish 2003, Tapia and Pineda 2007, Dudas et al. 2009), or on single 

species in deeper water beyond continental shelves (e.g. hydrothermal vents, Marsh et al. 

2001, cold seeps, Arellano and Young 2009). Studies of larval dispersal for organisms such as 

C. hameri inhabiting the intermediate depths of continental shelves may fill an important gap 

in understanding larval dispersal processes which may differ from patterns frequently 

observed in near-shore or deep-sea environments. Such work could be particularly useful for 

the designation of MPA networks, which may need structuring according to the target 

species’ dispersal characteristics, or for understanding connectivity of offshore structures 

including MREDs and petroleum installations. 

 

6.1.2 Water column physical characteristics 

 

Several environmental cues have been proposed to influence vertical distributions of 

invertebrate larvae, including thermal stratification (Gilg and Hilbish 2003, e.g. Tapia and 

Pineda 2007, Daigle and Metaxas 2011), haloclines and pycnoclines (Thiébaut et al. 1992, 

Gallager et al. 1996, Sameoto and Metaxas 2008), phytoplankton concentrations (Metaxas 

and Young 1998, Burdett-Coutts and Metaxas 2004), and light availability (Crisp and Ritz 

1973, Forward 1974). For barnacles, recent studies have identified a positive correlation 

between the depth of chlorophyll maximum concentration and the depth distribution of cyprid 
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larvae, albeit with a four-hour time lag (Tapia et al. 2010), while nauplii are almost always 

observed at shallower depths, near the sea surface (Singarajah et al. 1967, Tapia et al. 2010) 

 

In this thesis it was expected that the depth of maximum abundance for nauplii and cyprids 

might coincide with either cline depths (if adequate stratification was present) or the depth of 

maximum chlorophyll concentrations. This pattern was also expected to vary between 

naupliar stages because of their respective sizes, swimming ability and feeding success. 

However, strong aggregations of larvae were observed at similar depths at stations with and 

without strong chlorophyll maxima, and with and without strong clines in environmental 

parameters, suggesting that larvae are not positioning themselves in response to any of these 

water column characteristics. Other cues (e.g. phototaxis) or intrinsic characteristics may be 

driving these distributions, which may consequently increase the likelihood that larvae 

encounter sufficient food resources for survival to settlement, avoid predators, and arrive at 

suitable adult habitat.  

 

6.2 Larval vertical positioning, physiology, and morphology as influences on horizontal 

dispersal 

 

Larval vertical positioning has long been suggested to have a highly relevant influence on the 

horizontal transport of invertebrate larvae (Bousfield 1955, Pineda 1999, Metaxas 2001, Tapia 

et al. 2010), but surprisingly few studies have specifically measured the vertical distribution 

patterns of larval invertebrates, particularly cirripede cyprids and nauplii. This study, to my 

knowledge, represents the first descriptions of the vertical distributions of Chirona hameri, 

Balanus balanus, and Verruca stroemia, and the only descriptions of the vertical distribution 

of S. balanoides and B. crenatus resolved to individual naupliar stages.  

 

A brief review of ten publications (including this thesis) focussing on the vertical distribution 

of cirripede larvae in coastal waters (Table 6. 1) reveals that previous studies have focussed 

primarily on the cyprid stage, and where the vertical distributions of nauplii are resolved, they 

are grouped together for comparison with cyprids. Only one study discussed the vertical 

distributions of individual naupliar stages, referring to unpublished data from B.A. Grantham 

which suggested that nauplii are found progressively deeper in the water column with 

advancing naupliar stage, but then occupy surface waters on metamorphosis to the cyprid 

stage (Pfeiffer-Herbert et al. 2007). This pattern of distribution for nauplii is not reflected in 
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any other publications, though a handful of other studies have recorded higher abundances of 

some species of cyprids at the sea surface than at depth (e.g. Grosberg 1982, Miron et al. 

1999, Pineda 1999). However, contrasting results have been reported in just as many 

publications, where nauplii are observed at higher abundances at the sea surface, and cyprids 

are observed in greatest abundance deeper in the water column (Barnett and Jahn 1987, 

Pineda 1999, Tapia et al. 2010). Tidally synchronised and diel vertical migration patterns for 

barnacle cyprids have also been reported in some species (Bousfield 1955, De Wolf 1973, dos 

Santos et al. 2007), but these patterns are not consistent across species, even within the same 

study or sampling time-frame (dos Santos et al. 2007). Finally, it has been suggested that 

cyprids of some species may change their vertical distributions in the vicinity of internal bore 

warm fronts (Pineda 1999). Though the majority of studies were carried out at near-shore 

locations, many along the southern California coastline, and often using similar species, when 

taken together it seems that little agreement exists as to the vertical distribution patterns of 

cirripede larvae, even for particular species, and a similar trend may be reflected across other 

larval invertebrates. 

 

In this thesis, observed cirripede vertical distribution patterns reflect the results of Tapia et al. 

(2010) and Barnett and Jahn (1987), where the mean depth of distribution of cyprids was 

significantly deeper than that of nauplii. However, cyprid larvae did not show signs of 

aggregation at any particular depth, and were evenly spread throughout the water column. If 

cirripede cyprids do select their vertical position in the water column according to their 

optimum habitat depth (Grosberg 1982, Miron et al. 1999), then the even distribution of 

cyprid larvae throughout the water column may represent different species accumulating at 

each preferred habitat depth range. Location specific oceanography may have played a role in 

the distributions observed in these studies, and it might be expected that similar patterns of 

vertical distribution would emerge from upwelling-dominated systems (e.g. Grosberg 1982, 

Pineda 1999, dos Santos et al. 2007, Pfeiffer-Herbert et al. 2007), or from systems with 

estuarine circulation (e.g. this study, Bousfield 1955). However, within the same systems (and 

sometimes the same species) different vertical distribution and migration patterns have often 

been reported (Table 6.1), so making general statements about cirripede larval behaviour 

remains challenging. 

 

The differing outcomes of the aforementioned studies across locations, and within and 

between species suggest that our current mechanistic understanding of vertical swimming, 

migrations, and distributions is poor. Some authors do suggest that the deeper water column 
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position of cyprids larvae could, in part, be a result of the non-feeding nature of this stage (De 

Wolf 1973, Tapia et al. 2010). The metabolism of stored lipids with passing time (Lucas et al. 

1979) could increase the mass density of cyprids as suggested in Chapter 4. Along with their 

more streamlined, low-drag morphology, this is likely to increase larval sinking rates, making 

upwards swimming energetically costly, which could explain their accumulation deeper in the 

water column. The increase in mass density of competent larvae has also been proposed as a 

mechanism to enhance the accumulation of settling oyster spat on the seabed (Finelli and 

Wethey 2003). This suggests that larval morphology and physiology may play a more 

important role than previously thought in vertical distributions, and so dispersal. For example, 

many larvae of oceanic barnacles from the genus Lepas, have extremely long abdominal 

processes and dorsal thoracic spines (Moyse 1987). These extensive projections may increase 

the drag of the larvae and help maintain positioning in upper portion of the water column, 

facilitating longer-distance dispersal. This could be a similar strategy to wind-dispersed seeds 

of plants such as milkweed and dandelion whose ‘fluff’ or projections slow their rate of 

descent and increasing their potential for dispersal (Van der Pijl 1982, Vogel 1983). Similarly, 

the longer dispersal distances predicted in Chapter 5 for C. hameri larvae may be further 

augmented by its larger larval body size and longer appendages in comparison with smaller 

species such as B. crenatus. Little research to date has focussed on interactions between 

biology and fluid mechanics at the scale of individual larvae, despite the important role these 

processes may play in dispersal and population connectivity at larger scales. As our ability to 

integrate biophysical processes across a multitude of scales using models based on both field 

surveys and laboratory studies improves, this is likely to become an important topic in 

dispersal studies. 
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Table 6. 1: Details of ten studies of cirripede larval vertical distributions across 58 years. 

citation location species 
larval 

stages 

study 

scale 
vertical migration 

dominant patter of cyprid & naupliar vertical 

distributions 

Bousfield 
1955 

New 
Brunswick, 
Canada 

Balanus improvisus 
cyprids & 
nauplii kms 

maintenance of 
vertical position by 
phototaxis 

Nauplii and cyprids maintain position vertically 
throughout tidal cycle by swimming. 

De Wolf 
1973 

Texelstroom 
bay, Holland 

Balanus crenatus, Balanus 

improvisus, Elminius modestus 

cyprids & 
nauplii kms 

sinking and 
redistribution by tides 

Cyprid larvae sink to bottom at times of low 
current velocity, re-dispersed with increasing 
current velocities. Nauplii do the same to a lesser 
extent. 

Grosberg 
1982 

California, 
USA 

Balanus glandula, Balanus crenatus 
cyprids 
only 

100s 
m 

none 
Cyprid vertical distributions reflect the vertical 
distribution of adult habitat. 

Barnett & 
Jahn 1987 

California, 
USA unspecified 

cyprids 
only  kms none 

Cyprids found in greatest abundances near bottom 
of water column, naupliar distribution is 
unreported. 

Miron et al. 
1999 

New 
Brunswick, 
Canada 

Semibalanus balanoides 
cyprids 
only 

kms none 
Cyprid abundance peaked at 0.5 – 1.5 m during 
daylight, abundance increased with depth at night. 
Overall, distributions correlated with adult habitat. 

Pineda 1999 California, 
USA 

Pollicipes polymerus, Chthamalus 
spp. 

cyprids  dependent on internal 
bore warm fronts 

Concentration of larvae at front surface by 
upwards swimming against frontal downwelling 
currents. 

Pfeiffer-
Herbert et al. 

2007 

California, 
USA 

Balanus glandula 

nauplii by 
stage & 
cyprid 

10s 
km 

ontogenetic 
Depth of nauplii increases with increasing stage, 
cyprids found at surface. 

dos Santos et 

al. 2007 
Portugal 

Chthamalus montagui, Chthamalus 

stellatus, Pollicipes pollicipes, 

Balanus perforatus 

cyprids 
only 

10s 
km 

diel vertical migration 
of differing amplitude 
by species 

Concentration of cyprids at surface by upwelling 
fronts, cyprid diel vertical migration. 

Tapia & 
Pineda 2010 

California, 
USA 

Chthamalus spp., Balanus glandula 
cyprids & 
nauplii 

kms ontogenetic 
Nauplii remain near sea surface, cyprids found 
deeper in water column.  

This study 
2013 

Firth of 
Lorn, 
Scotland 

Semibalanus balanoides, Balanus 

crenatus, Balanus balanus, Chirona 

hameri, Verruca stroemia 

cyprids & 
nauplii by 
stage 

mms – 
10s 
km 

ontogenetic 
Nauplii in highest abundances at surface, cyprids 
have even distribution throughout water column. 
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6.3 Biophysical models as a tool for the study of larval dispersal 

 

A recent ISI Web of Knowledge (www.wok.mimas.ac.uk) search using keywords ‘larval 

dispersal’ and ‘model’ revealed 817 citations, with annual publication numbers more than 

doubling between 2005 and 2012, signifying that modelling techniques have become an 

essential component of larval dispersal science. Computing power and model resolution are 

likely to continue to improve, enabling integrated studies of dispersal and population 

connectivity at multiple scales of relevant biological and physical processes. An ideal 

numerical model might not only include high resolution flow fields at coastal scales, but 

might also include fine-scale fluid dynamics influencing larval positioning as well as 

interactions between continental shelf and ocean basin circulation, with larval biology well 

parameterised at all levels. To achieve these ‘ideal’ models, however, adequate biological 

information at appropriate scales for model parameterisation and validation must be obtained, 

which perhaps presents the most significant challenge in the field. This is particularly true in 

the marine environment, where the acquisition of high resolution field datasets can be 

extremely time consuming and resource-intensive. 

 

The particle-tracking models presented in Chapter 5 were given vertical distribution routines 

based on the field study presented in Chapter 3, while particle release points were based on 

the most up-to-date benthic habitat maps of the study region (Joint Nature Conservation 

Committee 2010), representing the best possible model parameterisation of larval transport in 

the study region based on current knowledge. However, the ability of the particle-tracking 

model to accurately predict larval distributions could still be substantially improved in further 

iterations and better assessed through the acquisition of new, targeted field datasets for model 

validation. Several thousand particle tracks were followed over a month of dispersal at great 

resolution, which provided insight into several key transport processes in this region, which 

would not have been possible in an in-situ study. Larval vertical distribution was shown to be 

a more important determinant of transport patterns than source habitat configuration, though 

overall transport distances were greatest for particles originating from offshore habitats. Net 

dispersal distance, on the other hand, did not always reflect overall transport distance, 

confirming that extensive transport gives larvae potential for, but does not guarantee, 

extensive dispersal (Levin 2006, Shanks and Shearman 2009).  
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To improve model skill, further biological information could be added to better reflect larval 

transport at the scale of the model. For instance, adult population densities and reproductive 

output are likely to fluctuate across the model domain in relation to environmental conditions 

(Burrows et al. 2010, Hoch 2010), and while not considered in this thesis, could represent a 

logical next step for model development, and provide further insight into the patterns of 

horizontal distribution observed in Chapter 2.  

 

While modelling studies will continue to be useful in studies of population connectivity and 

larval dispersal, the case must continue to be made for well-planned, spatially and temporally 

resolved field and laboratory studies of larval dynamics to provide adequate datasets for 

model validation and verification. As model outputs become more frequently integrated into 

marine spatial planning, MPA design, and policy making, assessments of model skill will 

become more important where they are used as decision-making tools, as could become the 

case for MRED siting with respect to marine invasive species, or species of special interest or 

highlighted for protection. 

 

6.4 Dispersal, connectivity, and MREDs as island stepping-stones 

 

The planned construction of increasingly large MRED installations around the UK could 

substantially increase the availability of hard habitat in many coastal locations. Many authors 

have suggested that once colonised, these structures are likely to act as stepping-stones for the 

spread of both native and non-native species (Petersen and Malm 2006, Shields et al. 2011, 

Miller et al. 2013). The enhanced spread of non-native species in relation to man-made 

structures has already been documented for breakwaters and groynes (Bulleri and Airoldi 

2005), petroleum infrastructure (Sammarco et al. 2012), and constructed reefs (Sheehy and 

Vik 2010). This thesis builds on these studies by highlighting the particular characteristics of 

dispersing larvae which might enhance their ability to colonise offshore structures and 

increase local population connectivity. Species with these larval characteristics may then be 

the most likely to use MREDs as stepping-stones with the potential for range expansion.  

 

For example, the horizontal survey of larval abundance in Chapter 2 suggested that larvae of 

all target species of cirripedes were capable of reaching offshore habitat, and that some (B. 

crenatus and C. hameri) were particularly likely to reach locations designated for renewable 

energy development (Figure 6, Chapter 1), given the high abundances of late-stage nauplii 
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and cyprids in these areas. Chapter 3 suggested that species with broad habitat availability had 

shallower mean depths of distribution (MDDs), which could enhance horizontal transport, 

while species with more limited or patchier habitat had deeper MDD, which could reduce 

horizontal transport. Initially, it would seem that species such as S. balanoides and V. 

stroemia, with the shallowest MDD would be the most able to reach offshore installations, 

given their greater potential for horizontal transport, but the results of Chapter 5 suggested 

otherwise. While these species may experience substantial horizontal transport, models of 

particle dispersal in the Firth of Lorn demonstrated that dispersal distances were sometimes 

greater for particles deeper in the water column than at the surface (e.g. C. hameri). 

Invertebrate larvae with deeper MDD may experience greater unidirectional transport, while 

larvae near the surface may be subject to more substantial oscillating tidal flows. While 

somewhat counter-intuitive, this suggests that in the Firth of Lorn species with deeper MDD, 

such as C. hameri, could be the most likely to arrive at and colonise MREDs.  

 

There is some evidence that the depth distributions of cirripede larvae, and of cyprids in 

particular, is related to the preferred depth of adult habitat (Grosberg 1982, Barnett and Jahn 

1987, Miron et al. 1999). The architecture of installed MREDs, therefore, will also be a 

determinant of the organisms capable of settlement in response to the MDD of competent 

larval settlers. For example, devices which have substantial foundations at the seabed and 

solid structures through the depth of the water column may provide new hard habitat for 

species with deeper MDD such as C. hameri, though devices lacking solid structures at 

intermediate depths, such as floating wave energy converters, may be better colonised by 

species with shallow larval MDD, such as S. balanoides and B. crenatus.  

 

The results presented in Chapter 4 suggest that for larger larvae, the increased drag from more 

extensive appendages did not completely offset the increase in volume (and net weight) of 

these individuals, so larger larvae consistently sank at greater velocities. However, more 

extensive appendages may also be more effective during swimming behaviour, which may 

help to maintain these larvae near the surface, generally increasing the potential for horizontal 

transport (Chia et al. 1984). The highly tidal nature of the Firth of Lorn means that these 

surface larvae may not disperse as far as larvae deeper in the water column (see above), but in 

other less tidally influenced coastal locations larger larvae or those with extensive drag-

increasing appendages may be the first to reach offshore structures, given their increased 

potential for horizontal transport. The morphology and development duration of larvae 



Chapter 6: General Discussion 
 

190 
 

originating from natural communities could serve as a useful predictor of the types of 

assemblages capable of reaching nearby newly installed offshore structures.  

 

Taken together, the work presented in this thesis suggests that MREDs could act as 

particularly good stepping-stones after initial colonisation. Often these structures will be 

placed several kilometres offshore and outside the region of ‘sticky water’ (Chapter 5, 

Wolanski 1994), where current velocities are slowed by bottom friction and the coastal 

boundary layer, limiting cross-shore transport (Largier 2003). As was demonstrated for C. 

hameri particles in Chapter 5, offshore adult habitat may enable greater larval transport and 

dispersal, as propagules may be more quickly swept into directional flows and away from 

natal habitat. The greater dispersal potential of propagules originating from MRED locations 

may mean populations experience strong downstream connectivity relative to the habitat 

surface area they represent. This could, in turn, amplify the effects and population impacts of 

coastal escapees or vagrant larvae arriving at and successfully settling on MREDs. Given that 

MREDs may be more conducive to colonization by non-native species (Bulleri and Airoldi 

2005, Glasby et al. 2007, Miller et al. 2013), rapid species invasions could occur when 

mediated by MREDs and other offshore structures. Where MREDs span geographic barriers, 

unprecedented dispersal to further habitat could become a possibility for some species, but it 

should also be noted that the relative area of habitat offered by these structures is substantially 

less than that of existing natural habitat. Larvae originating from these locations will only 

represent a small proportion of the overall larval pool, so biogeographic effects may only 

become relevant when considerable densities of MREDs are installed along coastlines. 

 

6.5 Further applications of multi-disciplinary studies of larval dispersal 

 

The interest in studies of larval dispersal in recent years may be motivated in part by the 

growing human influence on the oceans: by the creation of new habitat in the form of 

MREDs, the destruction of marine habitat, the threat of fisheries collapse, the danger of 

species invasions, and by an over-arching desire to restore, manage, and conserve coastal 

ecosystems (Botsford et al. 2001, Levin 2006, Treml and Halpin 2012). Larval dispersal is a 

key element of understanding local population dynamics and persistence (Levin 2006, Cowen 

and Sponaugle 2009), and so can be an important tool for the siting of structural installations 

and MPAs, as well as the limitation of non-native species invasions (Kininmonth et al. 2011, 

Corell et al. 2012). For example, by using information about the dispersal abilities of fouling 
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organisms in relation to regional flow fields, it may be possible to assess the makeup of likely 

fouling communities for offshore structures, based on their installation locations. This could 

allow developers to design structures and position installations such that ‘undesirable’ fouling 

communities are reduced (e.g. those with high structural drag, or non-native species), or to 

encourage colonisation by more ‘desirable’ species (e.g. commercially important species, 

Miller et al. 2013).  

 

MPAs must also be designed with the life-cycle characteristics of the species or communities 

of concern in mind, in order that the site or network of sites functions effectively to restore 

and/or maintain those populations. For example, the Firth of Lorn Special Area of 

Conservation, which includes the Gulf of Corryvreckan and several islands to the north of 

Jura (Scarba, Lunga, and the Garvellachs, Figure 1. 5, Figure 1. 6), encompasses a variety of 

reef types and a substantial diversity of communities and species, many of which are 

considered scarce, and/or have reached their north/south geographic limits at this site (Buchan 

and McConnell 2006). For species with pelagic larvae, populations at their geographic range 

limits are often sinks with respect to larval connectivity. This is because larvae from these 

populations may be washed downstream, away from suitable habitat, so the population is 

maintained by propagules from upstream sources (Pulliam 1988, Possingham and 

Roughgarden 1990). With knowledge about the larvae and dispersal characteristics of these 

species, it may be possible to trace settling larvae to source populations, perhaps by using a 

biophysical model such as the one described in Chapter 5, parameterised for the species in 

question and run in reverse (Thygesen 2011). If deemed necessary, sources of larvae could 

then be safeguarded to maintain a continuous supply to the Special Area of Conservation, 

ensuring the persistence of protected populations. Similar techniques have already been used 

to demonstrate patterns of connectivity for multiple coral reef species found in the Indo-

Pacific (Treml and Halpin 2012) and for the spiny lobster fishery in the Caribbean (Kough et 

al. 2013), with the aim of integrating connectivity into fisheries management and conservation 

planning. 

 

This type of approach could also be used to detect both source populations and likely sites of 

invasion for non-native species, in cases where natural dispersal processes encourage species 

spread in addition to human-mediated transport (e.g. recreational boats, shipping). Nyberg 

and Wallentinus (2005) have used dispersal characteristics to categorize the invasion risk of 

marine macroalgae, but state that a lack of available information with regards to these 

characteristics is the greatest area of uncertainty of their study. By using the approach 
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described in this thesis, incorporating experimental work, field surveys, and modelling 

outcomes, it may be possible to better predict not only the invasion risk associated with many 

macroalgae and other non-native species, but it may also be possible to highlight possible 

source populations and areas of future spread. This, in turn, could be used to develop targeted, 

cost-effective measures to counteract the spread of invasive/non-native species.  

 

6.6 Summary and conclusions 

 

Within this thesis I have demonstrated the use of a multidisciplinary approach to assessing 

larval dispersal processes in a highly complex coastal region, at scales ranging from the 

dispersing organism itself (mm) to regional and large scale oceanographic processes (10s-

100s km). At the organismal scale, I have produced the first measurements of mass density 

for cirripede larvae at multiple developmental stages, and I suggest that larval morphology 

may play an important role in vertical positioning in the water column. Field surveys of 

cirripede larval abundance have revealed the importance of this vertical positioning to 

horizontal transport, highlighting the interplay of wind-driven and tidally-oscillating currents 

in determining transport and dispersal distances. This study described cirripede vertical 

distribution patterns resolved at the level of naupliar stage for multiple species. Across all 

species, no significant differences in vertical distribution were found between naupliar stages, 

though distributions did vary among species. Though previous studies have suggested that 

invertebrate larvae aggregate in response to phytoplankton concentrations (Gallager et al. 

1996), haloclines (Tremblay and Sinclair 1990), and/or thermoclines (Daigle and Metaxas 

2011), no water column characteristic could be associated with the vertical distribution of 

nauplii of any cirripede species in the sampling region. I suggest that the vertical distributions 

of cirripede nauplii and cyprids may be related to larval morphology and physiology, enabling 

the dispersal of nauplii and the successful return of cyprids to settlement substrate. However, 

further work is required to understand the small-scale fluid dynamics of changing larval 

morphology across naupliar stages and cirripede species, and the interaction with changing 

larval physiology (Lucas et al. 1979) to influence larval sinking rates and vertical 

distributions.  

 

These in-situ observations provided a substantial dataset across multiple years for the 

parameterisation and validation of a biophysical model at the forefront of model development 

in a region of complex oceanography, and in doing so have emphasized the importance of 
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skill assessment for predictive models, which can often be overlooked. The results of multiple 

model parameterisations have provided insight into the combined effects of adult habitat 

depth and larval vertical distribution on transport and dispersal. Perhaps most importantly, 

results from this model suggest that larvae released from offshore habitat may have 

substantially greater dispersal potential, which may increase the connectivity of these 

populations. Targeted field studies of dispersal and connectivity using trace elemental 

fingerprinting or genetic markers could further strengthen this hypothesis.  

 

The work presented within this thesis improves the mechanistic understanding of larval 

dispersal processes, particularly for cirripedes, which are common fouling organisms of 

marine structures such as MREDs. For locations designated for MRED development in the 

Firth of Lorn, the results presented in this thesis suggest that propagules with dispersal 

abilities similar to the cirripedes in this study will arrive at the offshore structures with the 

potential to form new populations. Any further generations of propagules released from 

offshore MREDs are then likely to experience enhanced dispersal and greater population 

connectivity as a result of adult spawning habitat outside the coastal boundary layer. I 

conclude that MRED developments are likely to have a substantial effect on species 

biogeography where their cumulative surface area represents substantial new habitat which is 

colonised by ecologically significant, reproducing populations. This may have important 

implications when fouling communities are comprised of commercially important or 

invasive/non-native species, and should be considered in future assessments of environmental 

impact for MREDs and other coastal installations. 
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Appendix 1: Supplementary information for targeted cirripede species 

 

 

 

A.1.1 Targeted cirripede species 

A.1.2 Summary information table for targeted cirripede species 
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A.1.2 Targeted cirripede species 

Species Adult Nauplius 

Semibalanus balanoides 

 
photo: R.G. Miller  

NV (from Crisp 1962b) 

Balanus balanus 

 
photo: Ian F. Smith1  

NV (from Crisp 1962b) 

Balanus crenatus 

 
photo: Keith Hiscock1  

NV (from Herz 1933) 

Chirona hameri 

 
photo: Claude Nozerès2 

 
NV (from Crisp 1962a) 
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Verruca stroemia 

 
photo: Rob Jutsum1  

NVI (from Bassindale 1936) 

Austrominius modestus 

 
photo: Misjel Decleer1 

 
NIV (from Knight-Jones and 

Waugh 1949) 
1
Published on the Marine Life Information Network website, www.marlin.ac.uk 

2
Published on the World Register of Marine Species website, www.marinespecies.org 
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A. 1.2 Summary information table for targeted cirripede species 

Species Adult habitat Range 

Pelagic larval 

duration References 

Semibalanus 

balanoides 

Most common middle-shore barnacle on rocky 
shores in UK. Inhabits a wide variety of natural 
and artificial substrates.  

Mainly boral, from Spitzbergen 
(80°N) to the Bay of Biscay, also 
in Pacific Ocean from Alaska to 
British Colombia. 

29 - 34 days at  
3 - 5 °C (f) 

Pyefinch (1948b), Bousfield (1954), 
(Barnes and Barnes 1958), Hayward and 
Ryland (1995), Southward (2008) 

Balanus balanus Sublittoral, at all depths down to 60 m. Found 
in high abundances in strong tidal currents. 
Often mixed with B. crenatus.  

Circumpolar, south to Celtic Sea, 
and around all British coasts, 
except Cornwall. 

4 weeks (f) Barnes and Barnes (1954), Hayward and 
Ryland (1995) 

Balanus crenatus Lower shore to sublittoral on rocks, stones, 
shells, artificial structures, and ships. Fully 
marine, and does not withstand emersion well. 
Prefers high salinities. 

Arctic to Bay of Biscay, but 
scarce on east coast of UK 
 

30 days at 4 – 5 °C (f), 
16-19 days at 15°C (l)  

Pyefinch (1948b), Hayward and Ryland 
(1995) 

Chirona hameri Rarely found in less than 20m of water, to 
deeper than 200m. Most often growing on other 
biological structures (eg. Modiolus reefs), but 
also on man-made objects. 

All coasts of British Isles, Arctic, 
North, and Celtic seas 
 

~ 1 - 2 months (f) Crisp (1962a), Hayward and Ryland 
(1995), Southward (2008) 

Verruca stroemia Found extreme low water down to 500m depth, 
on rocky shores on undersides of rocks and 
crevices. 

Norway to the Mediterranean Sea, 
excluding the Baltic Sea 

Nauplii only – 22 – 27 
days in ‘cool’ conditions 
(l) 

Bassindale (1936), Hayward and Ryland 
(1995) 

Austrominius 

modestus 

Intertidal and shallow sublittoral habitat, 
especially estuarine, but also open coast on a 
wide range of substrata. Avoids wave-exposed 
conditions. Dominant in harbour fouling 
communities. 

Mediterranean sea and southern 
Portugal to Denmark. South, west, 
and east coasts of UK, extending 
north to Ullapool in Scotland. 

2-3 weeks in plankton (f), 
nauplii 6 days at 20°C (l) 

(Crisp 1958, Moyse 1963, Southward 
2008) 

Note: Measurements of cirripede pelagic larval duration are rare and are often temperature dependent. Here, laboratory measurements are designated by (l), while measurements made in-

situ, or by field studies are designated by (f).
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Appendix 2: Analysis of correlations between environmental variables 

measured in Chapter 2 

 

 

A.2.1 Pearson correlation plots for environmental variables (Chapter 2) 

A.2.2 Use of variance inflation factors (VIFs) for variable selection 

A.2.3 R code and summary output of canonical correspondence analysis 
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A.2.1 Pearson correlation plots for environmental variables (Chapter 2) 

 

Note: Preliminary plotting of many of the CTD profiles from the 2009 zooplankton survey 

revealed increases in temperature and salinity near the bottom of the water column at many 

stations. Because of these ‘c’ shaped profiles, cline depths were not calculated for these 

stations, as the 2-box model used by Planque (2006) was no longer appropriate. A reduced set 

of variables was then considered for CCA. 

 

 
Figure A.2.1.1: Pearson correlation coefficients for environmental variables measured at stations in 2010 

zooplankton survey. Highly collinear variables, as indicated by strong correlations, were considered for 

removal in further analysis 
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Figure A.2.1.2: Pearson correlation coefficients for environmental variables measured at stations in 2010 

zooplankton survey. Highly collinear variables, as indicated by strong correlations, were considered for 

removal in further analysis.  
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A.2.2: Use of variance inflation factors (VIFs) for variable selection 

 

The correlation coefficients in A.2.1 show pairwise correlations between environmental 

variables measured as part of the 2009 and 2010 zooplankton surveys. Variance inflation 

factors (VIFs) are then used to assess collinearity between square-root transformed variables 

(Zuur et al. 2009) and to sequentially drop collinear variables prior to CCA (Quinn and 

Keough 2002). VIF values greater than 5 were sequentially dropped, and VIFs recalculated. 

This was done using the AED package in R (R Development Core Team 2011), with the 

following code: 

 

2009 zooplankton survey 

 

#create data frame of square-root transformed environmental variables 

z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.surf_sal, 

         env_matrix_vifs$sq.surf_dens, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.bottom_sal, 

         env_matrix_vifs$sq.bottom_dens, 

         env_matrix_vifs$sq.T_mean,  

         env_matrix_vifs$sq.S_mean, 

         env_matrix_vifs$sq.dens_mean, 

         env_matrix_vifs$sq.Strat_index) 

corvif(z) 

 

Variance inflation factors 

 

            GVIF 

V1     487.18868 

V2    6101.82809 

V3  366349.37178 

V4  315868.43136 

V5    8115.11480 

V6  208593.58612 

V7  148942.34572 

V8   19571.05522 

V9  661993.35890 

V10 481880.88608 

V11     77.37062 

 

Take out all density measurements (V4, V7, V10) because they are all highly correlated with 

salinity measurements. 

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.surf_sal, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.bottom_sal, 
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         env_matrix_vifs$sq.T_mean,  

         env_matrix_vifs$sq.S_mean, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

        GVIF 

V1  17.59767 

V2  19.04466 

V3  80.83211 

V4 205.29391 

V5 224.32655 

V6 150.86312 

V7 175.33052 

V8  47.05384 

 

Next remove bottom salinity, V5, with the highest VIF: 

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.surf_sal, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.T_mean,  

         env_matrix_vifs$sq.S_mean, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 16.65211 

V2 17.43688 

V3 80.79083 

V4 14.99949 

V5 33.42131 

V6 69.54378 

V7 44.29710 

 

Remove mean salinity, V6: 

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.surf_sal, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.T_mean, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

        GVIF 

V1  7.652763 

V2 14.994264 

V3 19.866701 

V4 14.998768 

V5 25.123543 

V6 21.613290 



Appendix 2 
 

203 
 

 

Remove V5, mean temperature:  

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.surf_sal, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

        GVIF 

V1  7.383313 

V2  9.300054 

V3 19.712538 

V4  9.636210 

V5 21.550029 

 

Remove V3, surface salinity: 

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.surf_temp, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 2.712179 

V2 5.426989 

V3 4.991103 

V4 2.594343 

 

Remove V2, surface temperature: 

 

Z<-cbind(env_matrix_vifs$sq.TotalDepth, 

         env_matrix_vifs$sq.bottom_temp, 

         env_matrix_vifs$sq.Strat_Index) 

corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 2.507827 

V2 1.057903 

V3 2.593568 

 

All VIFs are < 3, so use depth, bottom temperature, and stratification index as environmental 

variables in CCA for 2009 survey. 
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2010 zooplankton survey 

 

#create data frame of square-root transformed environmental variables 

> Z<-

cbind(env_matrix_vifs$sq.SST,env_matrix_vifs$sq.SS_sal,env_matrix_vif

s$sq.T_mean,env_matrix_vifs$sq.S_mean,env_matrix_vifs$sq.T_cline,env_

matrix_vifs$sq.S_cline,env_matrix_vifs$sq.strat_index,env_matrix_vifs

$sq.Avg_depth,env_matrix_vifs$sq.Chl_a) 

 

#calculate VIFs 

> corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 2.993443 

V2 4.755748 

V3 4.575699 

V4 3.842657 

V5 1.364157 

V6 2.701371 

V7 8.697139 

V8 2.362362 

V9 1.511346 

 

V7, stratification index, has the greatest VIF, so is removed, and VIFs are recalculated: 

 

> Z<-

cbind(env_matrix_vifs$sq.SST,env_matrix_vifs$sq.surf_sal,env_matrix_v

ifs$sq.T_mean,env_matrix_vifs$sq.S_mean,env_matrix_vifs$sq.T_cline,en

v_matrix_vifs$sq.S_cline,env_matrix_vifs$sq.depth, 

env_matrix_vifs$sq.Chl_A) 

 

> corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 2.932915 

V2 2.599592 

V3 3.527947 

V4 3.499202 

V5 1.362619 

V6 2.011119 

V7 1.729216 

V8 1.400274 

 

Variable 3, mean temperature, has the largest VIF greater than 3, so remove it and recalculate 

VIFs: 

 

> Z<-

cbind(env_matrix_vifs$sq.SST,env_matrix_vifs$sq.SS_sal,env_matrix_vif

s$sq.S_mean,env_matrix_vifs$sq.T_cline,env_matrix_vifs$sq.S_cline,env

_matrix_vifs$sq.Avg_depth, env_matrix_vifs$sq.Chl_a) 
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> corvif(Z) 

 

Variance inflation factors 

 

       GVIF 

V1 2.435945 

V2 2.164065 

V3 2.804955 

V4 1.339517 

V5 1.996049 

V6 1.390394 

V7 1.326685 

 

All VIFs are < 3, so variables included in CCA are:  

• sea surface temperature 

• sea surface salinity 

• mean salinity 

• thermocline depth 

• halocline depth 

• average depth of water column 

• sea surface concentration of chlorophyll a 

 

In a later step, average water column depth was excluded from CCA because it was not 

related to any hypothesis, and confused the output of CCA for 2010. The cline depths of 

station 7 were also removed, as discussed in Chapter 2. 
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A.2.3 R code and summary output of canonical correspondence analysis 

 

Canonical correspondence analysis was carried out on standardized environmental variables 

(mean = 0, SD = 1) as follows, using the vegan package in R (R Development Core Team 

2011). 

 

2009 zooplankton survey 

 

#re-create environmental matrix and then standardize 

env_matrix_reduced3<-cbind(env_matrix$depth, env_matrix$bottom_temp, 

env_matrix$surf_sal) 

 

# Centre the data and make variance=1 

std_env_matrix3<-decostand(env_matrix_reduced3,"standardize", MARGIN=2, 

na.rm=TRUE) 

 

#remake env variable data frame with appropriate variables 

std_env_matrix3<-as.data.frame(std_env_matrix3, row.names=NULL) 

names(std_env_matrix3)[names(std_env_matrix3)=="V1"] <- "depth" 

names(std_env_matrix3)[names(std_env_matrix3)=="V2"] <- "bottom_temp" 

names(std_env_matrix3)[names(std_env_matrix3)=="V3"] <- "surf_sal" 

 

#Now perform CCA 

calanus2009.cca3<-cca(abund_matrix~depth+bottom_temp+surf_sal,  

                     data=std_env_matrix3, na.action=na.omit)  

 

#na.omit removes all rows with missing values 

 

> calanus2009.cca3 

Call: cca(formula = abund_matrix ~ depth + bottom_temp + 

surf_sal, data = std_env_matrix3, na.action = na.omit) 

 

              Inertia Proportion Rank 

Total          0.7207     1.0000      

Constrained    0.3904     0.5417    3 

Unconstrained  0.3303     0.4583   19 

Inertia is mean squared contingency coefficient  

 

Eigenvalues for constrained axes: 

   CCA1    CCA2    CCA3  

0.28617 0.08799 0.01625  

 

Eigenvalues for unconstrained axes: 

     CA1      CA2      CA3      CA4      CA5      CA6      CA7      CA8  

0.151020 0.052748 0.032459 0.030793 0.014197 0.012639 0.010047 0.007601  

(Showed only 8 of all 19 unconstrained eigenvalues) 

 

 

2010 zooplankton survey 

 

#re-create environmental matrix and then standardize 
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> env_matrix_reduced<-cbind(env_matrix$SST,env_matrix$surf_sal, 

env_matrix$S_mean,env_matrix$T_cline,env_matrix$S_cline, 

env_matrix$depth, env_matrix$Chl_A) 

 

# Centre the data and standardize 

> std_env_matrix<-decostand(env_matrix_reduced,"standardize",MARGIN=2, 

na.rm=TRUE) 

 

#remake env variable data frame with appropriate variables 

> std_env_matrix<-as.data.frame(std_env_matrix, row.names=NULL) 

> names(std_env_matrix)[names(std_env_matrix)=="V1"] <- "SST" 

> names(std_env_matrix)[names(std_env_matrix)=="V2"] <- "surf_sal" 

> names(std_env_matrix)[names(std_env_matrix)=="V3"] <- "S_mean" 

> names(std_env_matrix)[names(std_env_matrix)=="V4"] <- "T_cline" 

> names(std_env_matrix)[names(std_env_matrix)=="V5"] <- "S_cline" 

> names(std_env_matrix)[names(std_env_matrix)=="V6"] <- "depth" 

> names(std_env_matrix)[names(std_env_matrix)=="V7"] <- "Chl_A" 

 

#Now perform CCA 

> calanus2010.cca.2<-

cca(abund_matrix~SST+surf_sal+S_mean+T_cline+S_cline+Chl_A, 

data=std_env_matrix, na.action=na.omit)  

 

#na.omit removes all rows with missing values 

 

> calanus2010.cca.2 

 

Call: cca(formula = abund_matrix ~ SST + SS_sal + S_mean + T_cline + 

S_cline + Chl_a, data = std_env_matrix, na.action = na.omit) 

 

              Inertia Proportion Rank 

Total          0.8367     1.0000      

Constrained    0.3566     0.4262    6 

Unconstrained  0.4801     0.5738   24 

Inertia is mean squared contingency coefficient  

3 observations deleted due to missingness  

 

Eigenvalues for constrained axes: 

    CCA1     CCA2     CCA3     CCA4     CCA5     CCA6  

0.216041 0.062139 0.038658 0.027371 0.006282 0.006090  

 

Eigenvalues for unconstrained axes: 

    CA1     CA2     CA3     CA4     CA5     CA6     CA7     CA8  

0.11536 0.08492 0.05640 0.04922 0.04395 0.02323 0.02032 0.01604  

(Showed only 8 of all 24 unconstrained eigenvalues 
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Appendix 3: Bubble plots of nauplii and cyprids abundances sampled by 

2009 and 2010 cruises 

 

A.3.1 2009 zooplankton survey 

A.3.2 2010 zooplankton survey 
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A.3.1 2009 zooplankton survey   
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A.3.1.1 Balanus balanus by naupliar stage, 2009 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.1.2 Balanus crenatus by naupliar stage, 2009 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.1.3 Chirona hameri by naupliar stage, 2009 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.1.4 Semibalanus balanoides by naupliar stage, 2009 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
 

 



Appendix 3 
 

214 
 

A.3.1.5 Verruca stroemia by naupliar stage, 2009 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.2 2010 zooplankton survey  
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A.3.2.1 Balanus balanus by naupliar stage, 2010 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.2.2 Balanus crenatus by naupliar stage, 2010 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.2.3 Chirona hameri by naupliar stage, 2010 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.2.4 Semibalanus balanoides by naupliar stage, 2010 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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A.3.2.5 Verruca stroemia by naupliar stage, 2010 

Area of bubbles is scaled by log10(x+1) transformed abundances. Note that scales differ between plots 
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Appendix 4: Calculations for mesh size and proportion caught – table.  
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Measurements of larval body widths are taken from Burrows (1988), and the smallest body 

measurements stated are used. 

 

Catch rate is calculated using the general equation described in Nichols and Thompson 

(1991): �������(	)������(	) = 11 + �(��.�(���.�)) 
 

where R represents the ratio of cirripede body width to net mesh size. Catch rate hence 

represents the proportion of larvae caught and retained in the net compared to all larvae which 

could potentially be sampled if net loss = 0. 

 

Cirripede body widths (µm): 

      
stage S. balanoides B. crenatus C. hameri V. stroemia B. balanus 

NII 210 190 290 190 220 
NIII 270 220 350 250 260 
NIV 290 250 470 280 310 
NV 420 340 710 300 360 
NVI 620 NA 930 370 420 

cyprid 440 NA 650 NA 460 
 

NA represents larval species/stages where body widths were not available. 

 

2009 mesh size = 270 µm 

2010 mesh size = 80 µm 
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Calculated catch rates in 2009: 

      
stage S. balanoides B. crenatus C. hameri V. stroemia B. balanus 

NII 0.999 0.998 1.000 0.998 0.999 

NIII 1.000 0.999 1.000 1.000 1.000 

NIV 1.000 1.000 1.000 1.000 1.000 

NV 1.000 1.000 1.000 1.000 1.000 

NVI 1.000 NA 1.000 1.000 1.000 

cyprid 1.000 NA 1.000 NA 1.000 

 

Calculated catch rates in 2010: 

      
stage S. balanoides B. crenatus C. hameri V. stroemia B. balanus 

NII 1.000 1.000 1.000 1.000 1.000 

NIII 1.000 1.000 1.000 1.000 1.000 

NIV 1.000 1.000 1.000 1.000 1.000 

NV 1.000 1.000 1.000 1.000 1.000 

NVI 1.000 NA 1.000 1.000 1.000 

cyprid 1.000 NA 1.000 NA 1.000 
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Appendix 5 – Model selection procedures and summary statistics for 

models of larval vertical distribution, Chapter 3  

 

A.5.1 Linear mixed-effects model for MDD 

A.5.2 Linear mixed-effects model for SD 

A.5.3 Linear mixed-effects model for slope 

A.5.4 Linear mixed effects model for MDD vs. depth of chlorophyll maximum 
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A.5.1 Linear mixed-effects model for MDD 

 

A.5.1.1 Model selection 

Two preliminary linear mixed effects models are proposed, with the same random effects 

structure, but with different fixed effects structures. One includes ‘region’ in fixed effects, one 

does not: 

 

Model formulae: 1) MDDij ~ Speciesij*Stageij + regionij 

   2) MDDij ~ Speciesij*Stageij  

 

MDDij is the mean depth of distribution for observation j at station i, species is a nominal 

variable with five levels, stage is a nominal variable with six levels, and region is a nominal 

variable with three levels.  

 

To compare models with different fixed effects, fit linear mixed effects models using 

maximum likelihood estimation, and compare AIC. 

 

R code: 

lme.MDD.full<-

lme(MDD~Species*Stage+region,data=stats_2011,random=~1|Station,  

                  na.action=na.omit, method="ML") 

 

lme.MDD4<-update(lme.MDD.full,.~. - region) 
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anova(lme.MDD.full, lme.MDD4) 

             Model df      AIC      BIC    logLik   Test  L.Ratio 

lme.MDD.full     1 29 1545.296 1639.914 -743.6480                 

lme.MDD4         2 27 1544.949 1633.041 -745.4743 1 vs 2 3.652547 

             p-value 

lme.MDD.full         

lme.MDD4       0.161 

 

Model lme.MDD.4 has the lowest AIC, so refit model using REML. 

 

R code: 

form2<-formula(MDD~Species*Stage) 

lme.MDD.full2<-lme(form2, data=stats_2011, random=~1|Station,  

                   na.action=na.omit) 
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A.5.1.2 Summary statistics for linear mixed effects model of MDD 

Summary ANOVA table for lme.MDD.full2 can be found in Table 3.2. 

 

Note that the following summary statistics are in the form of contrasts, with the reference 

level set to species = B. balanus and stage = NII. 

 

summary(lme.MDD.full2) 

Linear mixed-effects model fit by REML 

 Data: stats_2011  

       AIC      BIC   logLik 

  1424.226 1508.573 -685.113 

 

Random effects: 

 Formula: ~1 | Station 

        (Intercept) Residual 

StdDev:    3.799923 12.01658 

 

Fixed effects: list(form2)  

                     Value Std.Error  DF   t-value p-value 

(Intercept)       14.18837  7.128617 160  1.990340  0.0483 

SpeciesBC          9.48808  8.078183 160  1.174532  0.2419 

SpeciesCH         27.26229  8.404407 160  3.243809  0.0014 

SpeciesSB          3.13942  8.078183 160  0.388629  0.6981 

SpeciesVS          1.81855  8.078183 160  0.225119  0.8222 

Stage3             0.39930  9.198641 160  0.043409  0.9654 

Stage4            -0.00372  8.347035 160 -0.000446  0.9996 

Stage5             7.09399  8.078183 160  0.878166  0.3812 

Stage6             8.86411  8.196892 160  1.081398  0.2811 

SpeciesBC:Stage3  -3.53468 10.802939 160 -0.327196  0.7439 

SpeciesCH:Stage3 -11.84715 11.219253 160 -1.055966  0.2926 

SpeciesSB:Stage3  -2.13563 10.802939 160 -0.197690  0.8435 

SpeciesVS:Stage3  -1.61458 10.802939 160 -0.149457  0.8814 

SpeciesBC:Stage4  -1.32979 10.087690 160 -0.131823  0.8953 

SpeciesCH:Stage4  -4.74329 10.427711 160 -0.454873  0.6498 

SpeciesSB:Stage4  -3.52267 10.087690 160 -0.349204  0.7274 

SpeciesVS:Stage4  -1.06625 10.087690 160 -0.105698  0.9160 

SpeciesBC:Stage5 -10.38690  9.866384 160 -1.052757  0.2940 

SpeciesCH:Stage5 -29.55017 11.046235 160 -2.675135  0.0082 

SpeciesSB:Stage5 -12.71526  9.866384 160 -1.288746  0.1993 

SpeciesVS:Stage5  -7.24964  9.866384 160 -0.734782  0.4635 

SpeciesBC:Stage6 -12.59574  9.963811 160 -1.264149  0.2080 

SpeciesCH:Stage6 -42.99591 15.346316 160 -2.801709  0.0057 

SpeciesSB:Stage6 -10.42845  9.963811 160 -1.046632  0.2968 

SpeciesVS:Stage6 -11.19522  9.963811 160 -1.123588  0.2629 
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A.5.2 Linear mixed-effects model for SD 

 

A.5.2.1 Model selection 

Note: all models produced an error in R when run with region as a random effect. It also 

produced an error when run with a species*stage interaction:  

 

Error in MEEM(object, conLin, control$niterEM) :  

  Singularity in backsolve at level 0, block 1 

 

The main cause of this was determined to be the singular values of some species 

combinations, and an unbalanced design: 

 

> xtabs(~Species+Stage,na.omit(stats_2011)) 

       Stage 

Species 2 3 4 5 6 

     BB 3 4 7 9 8 

     BC 9 9 9 9 9 

     CH 7 7 8 4 0 

     SB 9 9 9 9 9 

     VS 9 9 9 9 8 

 

To visually assess the species*stage interaction, a lattice plot was produced (Figure A.5.2.1). 

The plot suggests that there is not a strong naupliar stage effect by species, except perhaps for 

C. hameri, though this may have resulted from the low numbers of observations of NV larvae, 

and the absence of observations of NVI larvae. Therefore, the species*stage interaction was 

not included in further linear mixed effect model selection. 



Appendix 5 
 

229 
 

 
Figure A.5.2. 1: Lattice plot of SD as a function of naupliar stage, by species. VS – V. stroemia, CH – C. 

hameri, SB – S. balanoides, BB – B. balanus, BC – B. crenatus. 

 

As for models of MDD, two models with different fixed effects were compared using 

maximum likelihood estimation, one including, and the other excluding region as a fixed 

effect.  

 

Model formulae: 1) SDij ~ Speciesij+Stageij + regionij 

   2) SDij ~ Speciesij+Stageij  

 

SDij is the mean depth of distribution for observation j at station i, species is a nominal 

variable with five levels, stage is a nominal variable with six levels, and region is a nominal 

variable with three levels.  
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R code: 

lme.SD.full<-lme(SD~Species+Stage+region,data=stats_2011,random=~1|Station,  

+                   na.action=na.omit, method="ML") 

lme.SD6<-update(lme.SD.full,.~. - region)  

 

anova(lme.SD.full, lme.SD6) 

            Model df      AIC      BIC    logLik   Test  L.Ratio p-value 

lme.SD.full     1 13 1269.517 1311.796 -621.7584                         

lme.SD6         2 11 1269.797 1305.572 -623.8983 1 vs 2 4.279832  0.1177 

 
While the AIC for these two models is similar, the BIC is also less for the model without 

region, and the p-value is not significant, suggesting that the inclusion of region as a fixed 

effect does not add information to the model.  

 

Refit model using REML: 

 

form2<-formula(SD~Species+Stage) 

lme.SD.full2<-lme(form2, data=stats_2011, random=~1|Station,  

+                    na.action=na.omit) 
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A.5.2.2 Summary statistics for linear mixed effects model of SD 

Summary ANOVA table for lme.SD.full2 can be found in Table 3.2. 

 

Note that the following summary statistics are in the form of contrasts, with the reference 

level set to species = B. balanus and stage = NII. 

 

> summary(lme.SD.full2) 

Linear mixed-effects model fit by REML 

 Data: stats_2011  

      AIC      BIC    logLik 

  1249.09 1284.334 -613.5448 

 

Random effects: 

 Formula: ~1 | Station 

        (Intercept) Residual 

StdDev:    5.245898 6.081789 

 

Fixed effects: list(form2)  

                Value Std.Error  DF   t-value p-value 

(Intercept) 13.289764  2.311392 174  5.749680  0.0000 

SpeciesBC    4.209663  1.439879 174  2.923623  0.0039 

SpeciesCH    1.496117  1.706186 174  0.876878  0.3818 

SpeciesSB    0.029316  1.439879 174  0.020360  0.9838 

SpeciesVS   -0.724443  1.446599 174 -0.500790  0.6172 

Stage3      -3.036049  1.405308 174 -2.160415  0.0321 

Stage4      -3.982653  1.376185 174 -2.893981  0.0043 

Stage5      -3.034888  1.404798 174 -2.160374  0.0321 

Stage6      -3.378345  1.476574 174 -2.287962  0.0233 
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A.5.3 Linear mixed-effects model for slope 

 

A.5.3.1 Model selection 

Two preliminary linear mixed effects models are proposed, with the same random effects 

structure, but with different fixed effects structures. One includes ‘region’ in fixed effects, one 

does not: 

 

Model formulae: 1) Slopeij ~ Speciesij*Stageij + regionij 

   2) Slopeij ~ Speciesij*Stageij  

 

MDDij is the mean depth of distribution for observation j at station i, species is a nominal 

variable with five levels, stage is a nominal variable with six levels, and region is a nominal 

variable with three levels.  

 

To compare models with different fixed effects, fit linear mixed effects models using 

maximum likelihood estimation, and compare AIC. 

 

R code: 

lme.slope.full<-

lme(Slope~Species*Stage+region,data=stats_2011,random=~1|Station,  

                 na.action=na.omit, method="ML") 

 

lme.slope3<-update(lme.slope.full,.~. - region) 

 

anova(lme.slope.full, lme.slope3) 

               Model df      AIC      BIC    logLik   Test  L.Ratio p-value 

lme.slope.full     1 29 1004.715 1099.333 -473.3574                         

lme.slope3         2 27 1004.538 1092.631 -475.2692 1 vs 2 3.823564  0.1478 

 

Model lme.slope3 has lower AIC and BIC, so refit using REML: 

form2<-formula(Slope~Species*Stage) 

lme.slope.full2<-lme(form2, data=stats_2011, random=~1|Station,  

                  na.action=na.omit) 
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A.5.3.2 Summary statistics for linear mixed-effects model of slope 

Summary ANOVA table for lme.SD.full2 can be found in Table 3.2. 

 

Note that the following summary statistics are in the form of contrasts, with the reference 

level set to species = B. balanus and stage = NII. 

 

> summary(lme.slope.full2) 

Linear mixed-effects model fit by REML 

 Data: stats_2011  

       AIC      BIC    logLik 

  953.9348 1038.282 -449.9674 

 

Random effects: 

 Formula: ~1 | Station 

        (Intercept) Residual 

StdDev:    1.627112 2.901583 

 

Fixed effects: list(form2)  

                     Value Std.Error  DF    t-value p-value 

(Intercept)       0.712475  1.783918 160  0.3993876  0.6901 

SpeciesBC        -0.850775  1.955419 160 -0.4350857  0.6641 

SpeciesCH        -1.175218  2.037508 160 -0.5767921  0.5649 

SpeciesSB        -1.134075  1.955419 160 -0.5799652  0.5628 

SpeciesVS        -3.137364  1.955419 160 -1.6044465  0.1106 

Stage3           -0.741507  2.222543 160 -0.3336298  0.7391 

Stage4           -1.414741  2.019381 160 -0.7005816  0.4846 

Stage5           -1.517141  1.955419 160 -0.7758653  0.4390 

Stage6           -0.734195  1.983657 160 -0.3701222  0.7118 

SpeciesBC:Stage3  0.657007  2.609718 160  0.2517539  0.8016 

SpeciesCH:Stage3  0.602940  2.710199 160  0.2224708  0.8242 

SpeciesSB:Stage3 -0.680893  2.609718 160 -0.2609069  0.7945 

SpeciesVS:Stage3 -3.481715  2.609718 160 -1.3341346  0.1841 

SpeciesBC:Stage4  2.184197  2.439022 160  0.8955214  0.3719 

SpeciesCH:Stage4  1.216564  2.522360 160  0.4823117  0.6302 

SpeciesSB:Stage4 -2.284659  2.439022 160 -0.9367108  0.3503 

SpeciesVS:Stage4 -4.449258  2.439022 160 -1.8241971  0.0700 

SpeciesBC:Stage5  1.546441  2.386334 160  0.6480405  0.5179 

SpeciesCH:Stage5  1.648042  2.670818 160  0.6170552  0.5381 

SpeciesSB:Stage5 -0.782792  2.386334 160 -0.3280311  0.7433 

SpeciesVS:Stage5  1.474364  2.386334 160  0.6178365  0.5376 

SpeciesBC:Stage6  0.363995  2.409528 160  0.1510650  0.8801 

SpeciesCH:Stage6  1.382995  3.714998 160  0.3722735  0.7102 

SpeciesSB:Stage6 -0.289871  2.409528 160 -0.1203022  0.9044 

SpeciesVS:Stage6  2.807931  2.409528 160  1.1653448  0.2456 
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A.5.4 Linear mixed effects model for MDD vs. depth of chlorophyll maximum 

 

A.5.4.1 Model selection 

Four models are proposed, with the same random effects structure incorporating sample 

station as a random effect. Fixed effects are various combinations of the depth of chlorophyll 

maximum, species, and their interaction. 

 

Model formulae: 1) MDDij ~ Chli*Speciesij 

   2) MDDij ~ Chli+Speciesij 

   3) MDDij ~ Chli 

   4) MDDij ~ Speciesij 

 

MDDij is the mean depth of distribution for observation j at station i, Chl is a continuous 

variable representing the depth of chlorophyll maximum at station i, species is a nominal 

variable with five levels. 

 

To compare models with different fixed effects, fit linear mixed effects models using 

maximum likelihood estimation, and compare AIC. 

 

R code: 

B2.1<-lme(MDD~dep_chl_max*Species, data=dat,  

        random=~1|Station, na.action=na.omit, method="ML") 

B2.2<-lme(MDD~dep_chl_max+Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

B2.3<-lme(MDD~dep_chl_max, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

B2.4<-lme(MDD~Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

anova(B2.1, B2.2, B2.3, B2.4) 

 

     Model df      AIC      BIC    logLik   Test  L.Ratio p-value 

B2.1     1 14 1573.151 1619.467 -772.5758                         

B2.2     2  9 1608.297 1638.071 -795.1484 1 vs 2 45.14531  <.0001 

B2.3     3  4 1648.210 1661.443 -820.1048 2 vs 3 49.91281  <.0001 

B2.4     4  8 1609.347 1635.813 -796.6733 3 vs 4 46.86304  <.0001 

 

Model B2.1 has the lowest AIC, so refit using REML and examine summary statistics: 

form2<-formula(MDD~dep_chl_max*Species) 

lme.B<-lme(form2, data=dat, random=~1|Station, na.action=na.omit) 

 

A.5.4.2 Summary statistics for linear mixed effects model of MDD vs. depth of chlorophyll 

maximum 
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> summary(lme.B) 

Linear mixed-effects model fit by REML 

 Data: dat  

       AIC      BIC    logLik 

  1556.041 1601.499 -764.0203 

 

Random effects: 

 Formula: ~1 | Station 

        (Intercept) Residual 

StdDev:     3.90982 11.10163 

 

Fixed effects: list(form2)  

                           Value Std.Error  DF   t-value p-value 

(Intercept)            22.477133  4.142946 183  5.425399  0.0000 

dep_chl_max            -0.338502  0.319378   7 -1.059878  0.3244 

SpeciesBC               0.287164  4.474919 183  0.064172  0.9489 

SpeciesCH              -8.010985  4.970557 183 -1.611688  0.1088 

SpeciesCYP             -4.098718  7.081876 183 -0.578762  0.5635 

SpeciesSB              -9.486053  4.474919 183 -2.119827  0.0354 

SpeciesVS              -9.238993  4.474919 183 -2.064617  0.0404 

dep_chl_max:SpeciesBC   0.198291  0.347304 183  0.570944  0.5687 

dep_chl_max:SpeciesCH   2.201351  0.386606 183  5.694046  0.0000 

dep_chl_max:SpeciesCYP  1.929627  0.562744 183  3.428960  0.0007 

dep_chl_max:SpeciesSB   0.525281  0.347304 183  1.512455  0.1321 

dep_chl_max:SpeciesVS   0.521978  0.347304 183  1.502946  0.1346 

 

 
Figure A.5.4.1: MDD vs. the depth of chlorophyll maximum for each species sampled, with associated 

regression line for each species. CYP – cyprid, SB – S. balanoides, VS – V. stroemia, BB – B. balanus, BC – 

B. crenatus, CH – C. hameri. 
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A.5.5 Linear mixed effects model for MDD vs. thermocline depth 

 

A.5.5.1 Model selection 

Four models are proposed, with the same random effects structure incorporating sample 

station as a random effect. Fixed effects are various combinations of the depth of the 

thermocline, species, and their interaction. 

 

Model formulae: 1) MDDij ~ Tclinei*Speciesij 

   2) MDDij ~ Tclinei +Speciesij 

   3) MDDij ~ Tclinei 

   4) MDDij ~ Tclinei 

 

MDDij is the mean depth of distribution for observation j at station i, Tcline is a continuous 

variable representing the depth of the thermocline at station i, species is a nominal variable 

with five levels. 

 

To compare models with different fixed effects, fit linear mixed effects models using 

maximum likelihood estimation, and compare AIC. 

 

R code: 

C2.1<-lme(MDD~t_cline*Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

C2.2<-lme(MDD~t_cline+Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

C2.3<-lme(MDD~t_cline, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

C2.4<-lme(MDD~Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

anova(C2.1, C2.2, C2.3, C2.4) 

 

     Model df      AIC      BIC    logLik   Test   L.Ratio p-value 

C2.1     1 14 1517.752 1564.067 -744.8758                          

C2.2     2  9 1611.236 1641.011 -796.6182 1 vs 2 103.48481  <.0001 

C2.3     3  4 1650.759 1663.992 -821.3796 2 vs 3  49.52294  <.0001 

C2.4     4  8 1609.347 1635.813 -796.6733 3 vs 4  49.41265  <.0001 

 

Model C2.1 has the lowest AIC, so refit using REML and examine summary statistics: 

form3<-formula(MDD~t_cline*Species) 

lme.C<-lme(form3, data=dat, random=~1|Station, na.action=na.omit) 

A.5.5.2 Summary statistics for linear mixed effects model of MDD vs. depth of chlorophyll 

maximum 

> summary(lme.C) 
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Linear mixed-effects model fit by REML 

 Data: dat  

       AIC      BIC    logLik 

  1505.958 1551.417 -738.9792 

 

Random effects: 

 Formula: ~1 | Station 

        (Intercept) Residual 

StdDev:    5.140299 9.531863 

 

Fixed effects: list(form3)  

                       Value Std.Error  DF   t-value p-value 

(Intercept)        21.706871  3.120551 183  6.956103  0.0000 

t_cline            -0.335288  0.236451   7 -1.418000  0.1991 

SpeciesBC           2.547659  2.865182 183  0.889179  0.3751 

SpeciesCH          -6.449494  3.433464 183 -1.878422  0.0619 

SpeciesCYP         -0.071797  4.655554 183 -0.015422  0.9877 

SpeciesSB          -5.451173  2.865182 183 -1.902557  0.0587 

SpeciesVS          -4.561352  2.865182 183 -1.591994  0.1131 

t_cline:SpeciesBC  -0.034374  0.214028 183 -0.160607  0.8726 

t_cline:SpeciesCH   2.282150  0.254435 183  8.969471  0.0000 

t_cline:SpeciesCYP  1.938679  0.367135 183  5.280560  0.0000 

t_cline:SpeciesSB   0.153130  0.214028 183  0.715468  0.4752 

t_cline:SpeciesVS   0.066339  0.214028 183  0.309954  0.7569 

 

 
Figure A.5.5.1: MDD vs. thermocline depth for each species sampled, with associated regression line for 

each species. CYP – cyprid, SB – S. balanoides, VS – V. stroemia, BB – B. balanus, BC – B. crenatus, CH – 

C. hameri. 

A.5.6 Linear mixed effects model for MDD vs. thermocline depth 

 

A.5.6.1 Model selection 
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Four models are proposed, with the same random effects structure incorporating sample 

station as a random effect. Fixed effects are various combinations of the depth of halocline 

depth, species, and their interaction. 

 

Model formulae: 1) MDDij ~ Sclinei*Speciesij 

   2) MDDij ~ Sclinei +Speciesij 

   3) MDDij ~ Sclinei 

   4) MDDij ~ Sclinei 

 

MDDij is the mean depth of distribution for observation j at station i, Scline is a continuous 

variable representing the depth of the halocline at station i, species is a nominal variable with 

five levels. 

 

To compare models with different fixed effects, fit linear mixed effects models using 

maximum likelihood estimation, and compare AIC. 

 

R code: 

D2.1<-lme(MDD~s_cline*Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

D2.2<-lme(MDD~s_cline+Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

D2.3<-lme(MDD~s_cline, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

D2.4<-lme(MDD~Species, data=dat,  

          random=~1|Station, na.action=na.omit, method="ML") 

anova(D2.1, D2.2, D2.3, D2.4) 

 

     Model df      AIC      BIC    logLik   Test  L.Ratio p-value 

D2.1     1 14 1609.966 1656.281 -790.9828                         

D2.2     2  9 1610.320 1640.094 -796.1599 1 vs 2 10.35405  0.0658 

D2.3     3  4 1650.029 1663.262 -821.0144 2 vs 3 49.70906  <.0001 

D2.4     4  8 1609.347 1635.813 -796.6733 3 vs 4 48.68217  <.0001 

 

Model D2.4, the model which does not include halocline depth, has the lowest AIC, 

suggesting that halocline depth is not significantly correlated to MDD.  

 

 

Summary statistics are not presented for model D2.4, but the ANOVA table for model D2.1 

also suggests non-significance for halocline in determining MDD. The relationship between 

halocline depth and MDD for each species is summarised in Figure A.5.6.1. 

R code: 

> form4<-formula(MDD~s_cline*Species) 

> lme.D<-lme(form4, data=dat, random=~1|Station, na.action=na.omit) 
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> anova(lme.D) 

                numDF denDF   F-value p-value 

(Intercept)         1   183 148.76788  <.0001 

s_cline             1     7   0.78084  0.4062 

Species             5   183  11.31073  <.0001 

s_cline:Species     5   183   2.01115  0.0790 

 

 
Figure A.5.6.1: MDD vs. halocline depth for each species sampled, with associated regression line for each 

species. CYP – cyprid, SB – S. balanoides, VS – V. stroemia, BB – B. balanus, BC – B. crenatus, CH – C. 

hameri. 
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Appendix 6 – Additional visualisation of 2011 field survey data including 

CTD casts 

 

A.6.1 Plots for justification of use of absolute MDD, rather than proportional MDD in 

assessment of larval vertical distributions 

A.6.2 Water column characteristics recorded during 2011 survey (CTD profiles) 
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A.6.1 Plots for justification of use of absolute MDD, rather than proportional MDD in 

assessment of larval vertical distributions 

 

Absolute MDD was selected over proportional MDD (mean depth of distribution as a 

proportion of overall water column depth) because variance in absolute MDD was much more 

homogeneous across species and stations than for proportional MDD, as demonstrated in 

Figures A.6.1.1 and A.6.1.2. This suggests that larval distributions are more likely to be 

consistent across stations, regardless of station depth. 

 
Figure A.6.1. 1: Absolute mean depth of distribution (MDD) for all species of cirripedes sampled in 2011, 

by sampling station. VS – V. stroemia, CH – C. hameri, SB – S. balanoides, BB – B. balanus, BC – B. 

crenatus. 
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Figure A.6.1. 2: Proportional mean depth of distribution (MDD) for all species of cirripedes sampled in 

2011, by sampling station. VS – V. stroemia, CH – C. hameri, SB – S. balanoides, BB – B. balanus, BC – B. 

crenatus. 
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A.6.2 Water column characteristics recorded during 2011 field survey 

 

 
 

Figure A.6.2.1: Water column salinity profiles at all stations sampled. CTD 1 represents water column 

salinity before zooplankton sampling commenced, while CTD 2 represents conditions after zooplankton 

sampling finished. Stations 1 – 3 are located in the Lynn of Morvern, stations 4 - 5 in the Sound of Mull, 

and stations 6 – 8 in the Firth of Lorn. 
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Figure A.6.2.2: Water column temperature (°C) profiles at all stations sampled. CTD 1 represents water 

column temperature before zooplankton sampling commenced, while CTD 2 represents conditions after 

zooplankton sampling finished. Stations 1 – 3 are located in the Lynn of Morvern, stations 4 - 5 in the 

Sound of Mull, and stations 6 – 8 in the Firth of Lorn. 
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Figure A.6.2.3: Water column chlorophyll (mg m

-3
) profiles at all stations sampled. CTD 1 represents 

water column fluorescence before zooplankton sampling commenced, while CTD 2 represents conditions 

after zooplankton sampling finished. Stations 1 – 3 are located in the Lynn of Morvern, stations 4 - 5 in 

the Sound of Mull, and stations 6 – 8 in the Firth of Lorn. 
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Appendix 7 – R code and summary statistics for analysis of larval sinking 

velocities and mass densities 

 

A.7.1 Sinking velocity of S. balanoides and A. modestus 

A.7.2 Mass density of S. balanoides and A. modestus 
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For statistical modelling carried out in Chapter 4, sinking larvae are divided into four groups:  

 

1. Day 0 Austrominius modestus 

2. Days 2-22 Austrominius modestus 

3. Day 0 Semibalanus balanoides 

4. Days 2-24 Semibalanus balanoides 

 

A generalized-least-squares approach was used to account for non-homogeneous variance 

structures for certain day/species combinations. In the following code, variables are 

designated as: 

 

Vinf_ms – sinking velocity of larvae, as adjusted for an infinite medium in m s-1 

ESR_m – equivalent spherical radius in m 

DS – day/stage grouping, one of four defined above 

deltarho – difference in density between larvae and surrounding medium, in kg m-3 

 

 

 

A.7.1 Sinking velocity of S. balanoides and A. modestus 

 

A.7.1.1 Model description: Generalized least-squares model for sinking velocity versus ESR 

and day/stage combination, using a power of the covariate variance function 

Model formula:  sinking velocity ~ ESR * DS 

 

Variance covariate: DS (day/stage combination) 

 

R code: 

vf3<-varPower(form=~ESR_m|DS) 

overall.gls4<-gls(Vinf_ms~ESR_m*DS, weights=vf3, data=AllSinkRe) 

 

A.7.1.2 Model summary statistics 

Note that the following summary statistics are in the form of contrasts, with ‘day 0 A. 

modestus’ as the reference level. 
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Generalized least squares fit by REML 

  Model: Vinf_ms ~ ESR_m * DS  

  Data: AllSinkRe  

        AIC      BIC   logLik 

  -5051.459 -4999.28 2538.729 

 

Variance function: 

 Structure: Power of variance covariate, different strata 

 Formula: ~ESR_m | DS  

 Parameter estimates: 

    D0SB   RestSB     D0AM   RestAM  

1.596969 1.473300 1.410704 1.409705  

 

Coefficients: 

                   Value Std.Error   t-value p-value 

(Intercept)     -0.00146  0.000405 -3.592597  0.0004 

ESR_m           38.37132  5.454437  7.034881  0.0000 

DSD0SB          -0.00430  0.000531 -8.091490  0.0000 

DSRestAM        -0.00220  0.000660 -3.326861  0.0010 

DSRestSB         0.00129  0.000423  3.046064  0.0025 

ESR_m:DSD0SB    20.93442  6.042250  3.464673  0.0006 

ESR_m:DSRestAM  10.41155  7.262299  1.433644  0.1524 

ESR_m:DSRestSB -30.33224  5.503365 -5.511580  0.0000 
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A.7.2 Mass density of S. balanoides and A. modestus 

 

A.7.2.1 Model description: Generalized least-squares model for mass density versus ESR 

and day/stage combination, using a combination of variance function 

Model formula:  mass density ~ ESR * DS 

 

Variance covariate: DS (day/stage combination) 

 

R code: 

vf5<-varComb(varIdent(form=~1|DS),varExp(form=~ESR_m)) 

overall.gls6<-gls(deltarho~ESR_m*DS, weights=vf5, data=AllSinkRe) 

 

A.7.2.2 Model summary statistics 

Note that the following summary statistics are in the form of contrasts, with ‘day 0 A. 

modestus’ as the reference level. 

 

Generalized least squares fit by REML 

  Model: deltarho ~ ESR_m * DS  

  Data: AllSinkRe  

       AIC      BIC    logLik 

  3226.604 3278.782 -1600.302 

 

Combination of variance functions:  

 Structure: Different standard deviations per stratum 

 Formula: ~1 | DS  

 Parameter estimates: 

    D0SB   RestSB     D0AM   RestAM  

1.000000 2.049540 4.499557 3.885238  

 Structure: Exponential of variance covariate 

 Formula: ~ESR_m  

 Parameter estimates: 

   expon  

-1948.13  

 

Coefficients: 

                  Value Std.Error   t-value p-value 

(Intercept)       136.5      37.5  3.634268  0.0003 

ESR_m           -5682.6  455540.9 -0.012474  0.9901 

DSD0SB           -144.5      40.4 -3.572821  0.0004 

DSRestAM         -105.8      43.2 -2.449626  0.0147 

DSRestSB          -99.2      37.6 -2.636288  0.0087 

ESR_m:DSD0SB   536267.0  468952.9  1.143541  0.2535 

ESR_m:DSRestAM 420131.7  494899.6  0.848923  0.3964 

ESR_m:DSRestSB -76432.3  455633.8 -0.167750  0.8669 
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Appendix 8: Probability routines for vertical movement of biophysical 

model particles 

 

A.8.1 Semibalanus balanoides 

A.8.2 Balanus crenatus 

A.8.3 Chirona hameri 
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A.8.1 Semibalanus balanoides 

 

depth level pup pstay pdown 

1 0 0.2915 0.7085 

2 0.168 0.4083 0.4238 

3 0.3778 0.3921 0.2301 

4 0.5744 0.3371 0.0885 

5 0.6889 0.1809 0.1302 

6 0.5339 0.3844 0.0817 

7 0.7017 0.1491 0.1491 

8 0.3333 0.3333 0.3333 

9 0.3333 0.3333 0.3333 

10 0.5 0.5 0 

 

A.8.2 Balanus crenatus 

 

depth level pup pstay pdown 

1 0 0.6178 0.3822 

2 0.4711 0.2914 0.2375 

3 0.4205 0.3428 0.2367 

4 0.4362 0.3012 0.2626 

5 0.37 0.3226 0.3074 

6 0.4574 0.4357 0.1069 

7 0.6709 0.1646 0.1646 

8 0.3333 0.3333 0.3333 

9 0.3333 0.3333 0.3333 

10 0.5 0.5 0 
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A.8.3 Chirona hameri 

 

depth level pup pstay pdown 

1 0 0 1 

2 0 0.7946 0.2054 

3 0.7559 0.1954 0.0487 

4 0.4658 0.1161 0.4181 

5 0.0575 0.207 0.7355 

6 0.1763 0.6262 0.1976 

7 0.6131 0.1934 0.1934 

8 0.3333 0.3333 0.3333 

9 0.3333 0.3333 0.3333 

10 0.5 0.5 0 
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Appendix 9 – FVCOM model domain averaged U and V flow fields 

 

A.9.1 Average model east-west velocities (U, m/s)  

A.9.2 Average model north-south velocities (V, m/s) 
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A.9.1 Average model east-west velocities (U, m/s)      

  

 
Figure A.9.1. 1: Average model east-west velocities (U, m/s) over the full depth of the model water column, 

across 33 days of model run. Negative values indicate westerly flows, while positive values indicate 

easterly flows. 
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A.9.2 Average model north-south velocities (V, m/s) 

 

 

Figure A.9.1. 2: Average model north-south velocities (V, m/s) over the full depth of the model water 

column, across 33 days of model run. Negative values indicate southerly flows, while positive values 

indicate northerly flows. 
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Appendix 10 - Bray-Curtis dissimilarity matrices for nMDS 

 

A.10.1 Model runs only 

A.10.2 Model runs and field observations sampled at 2009 field survey stations 

A.10.3 Model runs and field observations sampled at 2010 field survey stations 
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A.10.1: Model runs only 

 

Table A.10.1. 1: Bray-Curtis dissimilarity matrix for nMDS of particle distribution data from 25071 model cells in 12 model runs 

 

 BC1 BC2 BC3 SB1 SB2 SB3 CH1 CH2 CH3 CHd1 CHd2 

BC2 0.3284           

BC3 0.1069 0.2975          

SB1 0.1405 0.3874 0.1943         

SB2 0.3610 0.3162 0.3834 0.2917        

SB3 0.1445 0.3923 0.1935 0.0747 0.3002       

CH1 0.1266 0.3598 0.1512 0.1810 0.3956 0.1939      

CH2 0.3300 0.2918 0.2971 0.3562 0.3847 0.3700 0.2670     

CH3 0.1853 0.3765 0.2027 0.1798 0.3680 0.1794 0.1620 0.2632    

CHd1 0.3500 0.5195 0.3296 0.3957 0.5930 0.4064 0.3105 0.4009 0.3778   

CHd2 0.6397 0.5714 0.6191 0.6643 0.6486 0.6802 0.5905 0.4714 0.6173 0.5515  

CHd3 0.3854 0.4825 0.3909 0.3941 0.5273 0.4021 0.3395 0.3376 0.3455 0.3531 0.4772 
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A.10.2: Model runs and field observations sampled at 2009 field survey stations 

 

Table A.10.2 1: Bray-Curtis dissimilarity matrix for nMDS at 2009 field stations and sampled model run stations 

 

 BC1 BC2 BC3 SB1 SB2 SB3 CH1 CH2 CH3 CHd1 CHd2 CHd3 BC_f SB_f 

BC2 0.4854              

BC3 0.1209 0.4180             

SB1 0.1156 0.4374 0.0946            

SB2 0.4859 0.1209 0.4246 0.4318           

SB3 0.1379 0.4902 0.0845 0.0865 0.4854          

CH1 0.0937 0.5046 0.1876 0.1833 0.5113 0.2027         

CH2 0.4300 0.1656 0.3888 0.3964 0.1528 0.4195 0.4428        

CH3 0.2124 0.3562 0.1449 0.1235 0.3574 0.1756 0.2609 0.3175       

CHd1 0.2250 0.6463 0.3215 0.2989 0.6452 0.3072 0.1576 0.5594 0.3789      

CHd2 0.4607 0.4820 0.4287 0.4268 0.4991 0.4436 0.4788 0.4084 0.3856 0.5407     

CHd3 0.2014 0.3450 0.1481 0.1335 0.3460 0.1792 0.2308 0.3242 0.1460 0.3704 0.3710    

BC_f 0.3260 0.5347 0.3405 0.3963 0.5802 0.3962 0.3136 0.5289 0.4188 0.3927 0.5674 0.3823   

SB_f 0.2232 0.4516 0.2169 0.2655 0.5050 0.2581 0.2466 0.4466 0.3024 0.3782 0.5305 0.2968 0.1754  

CH_f 0.7521 0.7191 0.7388 0.7831 0.8260 0.7791 0.7443 0.8171 0.7760 0.7758 0.8361 0.7508 0.5478 0.5641 
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A.10.3 Model runs and field observations sampled at 2010 field survey stations 

 

Table A.10.3. 1: Bray-Curtis dissimilarity matrix for nMDS at 2010 field stations and sampled model run stations 

 

 BC1 BC2 BC3 SB1 SB2 SB3 CH1 CH2 CH3 CHd1 CHd2 CHd3 BC_f SB_f 

BC2 0.5747              

BC3 0.1355 0.4809             

SB1 0.1192 0.5857 0.1515            

SB2 0.4999 0.2322 0.4421 0.4776           

SB3 0.1628 0.6254 0.1875 0.0969 0.5292          

CH1 0.1031 0.5465 0.1674 0.1355 0.4630 0.1937         

CH2 0.4385 0.3206 0.3860 0.4113 0.1758 0.4585 0.3894        

CH3 0.2165 0.5083 0.1930 0.1666 0.3514 0.2074 0.2057 0.2883       

CHd1 0.2786 0.7177 0.3214 0.2856 0.6682 0.2967 0.2602 0.5683 0.3512      

CHd2 0.6155 0.5551 0.6188 0.6165 0.4989 0.6375 0.5913 0.4262 0.5770 0.6594     

CHd3 0.2516 0.5325 0.2411 0.2167 0.4070 0.2373 0.2203 0.3145 0.2082 0.3438 0.5079    

BC_f 0.2964 0.4860 0.2614 0.3082 0.4178 0.3442 0.2678 0.3644 0.2848 0.4622 0.6458 0.3445   

SB_f 0.3673 0.4227 0.3345 0.3525 0.3844 0.3894 0.3581 0.3649 0.2942 0.5122 0.6394 0.3715 0.3090  

CH_f 0.5994 0.5408 0.5332 0.5893 0.5284 0.6002 0.5516 0.4687 0.4800 0.6351 0.6383 0.5706 0.4432 0.5301 
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