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________________________________________________Abstract 

The role of marine renewable energy structures and biofouling communities in 

promoting self-sustaining populations of non-native species  

 
Adrian K. Macleod 
 
 

Novel environments and biological communities created by the large-scale deployment of 

Marine Renewable Energy Devices (MREDs) have the potential to promote the spread of 

non-native species (NNS). Knowledge of how community composition resident on MREDs is 

shaped by geography, local hydrodynamics and the duration of deployment, will clarify how 

these technologies will interact with natural habitats, including the provision of suitable 

habitat for NNS.  

 

A network of navigation buoys was used to study biofouling communities in areas proposed 

for MRED deployment. Significant differences in community structure were observed in 

different geographic areas. A significant reduction in number of taxa present and community 

wet-weight was observed where buoys were deployed in greater tidal flow rates. However, 

overall community composition was not significantly different between ‘high’ (>1 ms-1) and 

‘low’ (<1 ms-1) flow areas and for buoys deployed for different time durations (1-7 years). 

These finding have important implications for the longevity of devices and their interaction 

with natural habitats, including proposed ‘artificial reef’ effects. 

 

In total five non-native species were identified on the buoys sampled, supporting the need to 

monitor MREDs as the industry grows. Hydrodynamic and biotic features of the epibenthic 

communities were used to predict the presence of the most prevalent NNS, the amphipod 

Caprella mutica, in addition to other native amphipod species. Caprella mutica presence was 

found to be significantly affected by increasing flow speed compared with the native 

amphipod Jassa herdmani. Behavioural flume studies investigating flow-related processes 

governing the presence of non-native amphipods supported these findings. This study details 

how the hydrodynamic and biological environments created by MREDs determine their 

suitability for the establishment of self-sustaining populations, and therefore their dispersal 

potential for NNS. These findings inform design criteria and management options to minimise 

the biosecurity risk that these structures will pose as the industry expands. 
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_______________________________________________Chapter 1 

The role of Marine Renewable Energy structures and biofouling 

communities in promoting self-sustaining populations of Non-

Native Species  

1.1 Urbanisation of the marine environments         

Global anthropogenic pressure on the natural environment has generated a wide-spread need 

to utilise alternative resources (Jacobson and Delucchi, 2011). Increasing global population 

pressure, in addition to climate change and rising oil prices, means that alternatives to non-

renewable fossil fuels are now a key objective of many countries (Bardi, 2009). Marine 

renewable energy, generated from wave, tidal and wind resources holds great potential to 

provide an alternative power source (Boehlert and Gill, 2010). Therefore, the large scale 

deployment of marine renewable energy devices (MREDs) (Figure 1.1), capable of 

converting this natural energy into electrical energy, is set to increase significantly in coming 

years (Gill, 2005, Miller et al., in press).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The variation in designs and the operation of MREDs. A) A point absorbing wave 

energy converter (Pelamis, 2010), B) A large scale wind farm (GreenBeat, 2010), C) The 

OpenHydro tidal device operated to capture tidal energy (OpenHydro, 2010).  
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The United Kingdom is well placed to extract large quantities of marine renewable energy, 

offering the country large economic incentives, with large sectors of the seabed being 

designated for development (Mueller and Wallace, 2008) (Figure 1.2). Off-shore wind is a 

more advanced technology than wave and tidal devices and as a result represents a larger 

proportion of the current installed generation capacity. In the UK, estimated energy capacity 

of installed off-shore wind turbines is approximately 4 gigawatts, ~ 1.5% of the UK electricity 

demand. This is expected to increase rapidly to 25 gigawatts of capacity by 2020 (Nimmo and 

Den-Rooijen, 2012). In comparison, present wave and tidal energy capacity represents only a 

small fraction (11 megawatts) of current UK electricity demand (Mathews et al., 2012). 

However, these technologies are presently at the developmental stage and large predictable 

resources of wave and tidal energy will become an increasing incentive for the power sector 

as the price of mainstream non-renewable energy sources increase. 
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Figure 1.2: Proposed areas for the licensing of marine renewable energy technologies in 

Scotland. National Renewables Infrastructure Plan (NRIP) sites are shown. European Marine Energy 

Centre (EMEC). Figure taken and adapted from The Scottish Government, (20011a).  
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The environmental impacts associated with marine renewable energy development can largely 

be considered in three stages, namely, deployment, operation and decommissioning (Petersen 

and Malm, 2006, Inger et al., 2009). Environmental effects during deployment include, but 

are not limited to, habitat loss, noise production and disturbance created from activities 

related to the construction of foundations and cable installation (Petersen and Malm, 2006, 

Witt et al., 2012). During the operation of devices the changes in associated marine 

communities are caused by alteration of the physical environment, such as, changes in 

sediment dynamics and hydrography, the production of electromagnetic fields and noise, 

moving mechanical parts that produce a collision risk for mobile species, as well as the 

creation of artificial habitats (Wilhelmsson et al., 2006b, Inger et al., 2009, Langhamer et al., 

2009, Neill et al., 2009, Shields et al., 2011, Miller et al., in press). Finally, when devices are 

removed during the decommissioning stage, habitat loss and disturbance caused during the 

amendment of the physical environment, as well as the potential for activities releasing 

pollutants, will almost certainly alter associated communities (Miller et al., in press).  

 

The alteration of natural processes at the individual device scale, may also influence much 

larger processes (Maar et al., 2009, Langhamer, 2013). The exclusion of other marine users, 

in particular commercial fishing, may have beneficial impacts on associated species by 

reducing fishing pressure around devices (Halpern and Warner, 2003, Kaiser et al., 2006). 

The enhancement of communities may be accelerated where MREDs function as ‘artificial 

reefs’, or fish aggregation devices (Nelson, 2003, Wilhelmsson et al., 2006a, Witt et al., 

2012). Little is known at present about the communities that will colonise MREDs, and how 

these communities may moderate interactions between the devices and associated species and 

habitats (Gill, 2005, Wilhelmsson et al., 2006a, Langhamer, 2013). For example, larger 

floating structures were found to have a greater diversity of fish assemblages, particularly 

when resident benthic communities were more diverse (Nelson, 2003). MREDs may also 

present opportunities for Non-Native Species (NNS) which can disproportionately influence 

the ‘functioning’ of the recipient habitats (Langhamer, 2013). These invasive species can 

produce deleterious ecological changes, displacing native species and/or alter habitat 

characteristics, causing severe impairment of surrounding natural communities and important 

ecosystem services (Gray, 1997, Mack et al., 2000, Pimental et al., 2000, Sala et al., 2000, 

Crooks, 2002). 

 

The novel habitats created through the increased ‘urbanisation’ of the marine environment are 

rapidly colonised by sessile biofouling species that will in turn attract mobile species such as 
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fish and crustaceans (Wilhelmsson and Malm, 2008, Bulleri and Chapman, 2010, Witt et al., 

2012, Miller et al., in press). In this context, the term biofouling refers to the accumulation of 

biological material on man-made structures (Hughes et al., 2005, Durr and Thomason, 2010). 

Depending on management objectives, biofouling communities are capable of possessing 

‘desirable’ characteristics as many are considered beneficial, providing ecosystem services 

similar to natural hard epibenthic communities (Connell and Glasby, 1999, Svane and 

Petersen, 2001). However, differences in community composition on artificial substrates as 

compared to natural substrates have been well documented (Anderson and Underwood, 1994, 

Connell, 2001, Bulleri, 2005, Beaumont, 2006). Furthermore, there is evidence that fouling 

communities on off-shore MREDs also differ significantly from surrounding reef 

communities (Wilhelmsson and Malm, 2008, Bulleri and Chapman, 2010). How artificial 

structures shape fouling communities as compared to natural occurring reef communities is 

critical to understanding how these communities interact with associated species and habitats 

(Relini et al., 2000b, Wilhelmsson et al., 2006a, Langhamer and Wilhelmsson, 2009).  

 

Current MREDs produce a diverse array of novel habitats for biofouling species (Figure 1.3). 

For example, novel orientations and materials can be responsible for the departure of resident 

community composition from surrounding hard epibenthic communities (Anderson and 

Underwood, 1994, Knott et al., 2004, Azevedo et al., 2006). Equally, depth of submersion is 

an important determinant of community structure due to variations in the physical 

environment, most notably light (Durr and Thomason, 2010, Burrows, 2012). The season that 

devices are deployed will also have an impact on community composition at least in the short 

term (Underwood and Chapman, 2006). An important feature of MREDs is the variation 

between floating surface devices, such as wave energy converters, and those fixed to the 

seabed, for example, bottom mounted tidal devices (Figure 1.3). Community composition is 

likely to differ between floating structures and those firmly fixed to the seabed (Connell, 

2000, Holloway and Connell, 2002). Debatably, one of the most novel features of the habitats 

created by MREDs will be the variation in hydrodynamic conditions in which they are 

deployed (Figure 1.3). Habitats in areas of ‘high’ water flow will be created by tidal energy 

devices exposing the recruiting species to potentially stressful hydrodynamic environments 

that will affect all key aspects of their lives, including, larval settlement (Abelson and Denny, 

1997, Jonsson et al., 2004), feeding (Anthony, 1997, Maar et al., 2007), growth (Okamura and 

Partridge, 1999), behaviour (Lawrie et al., 1999), reproduction (Hart and Finelli, 1999), and 

mortality (Witman and Suchanek, 1984). The development of complex biofouling 

communities on MREDs deployed in ‘high’ flow environments will also increase the 
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hydrodynamic loadings considerably, thus increasing capital cost required, whilst reducing 

survivability of technologies (Theophanatos and Wolfram, 1989, Jusoh and Wolfram, 1996b, 

Shi et al., 2012). Therefore, knowledge of biofouling community composition on devices is 

also coupled with the success of such engineering projects (Hellio and Yebra, 2009). The 

infancy of the marine renewable energy industry sector, in addition to the large number of 

novel environmental features of MREDs, means that knowledge of the likely biofouling 

community composition is currently limited, particularly in high-flow environments. 

 

Figure 1.3: A schematic of marine renewable energy devices both fixed and floating. A) Wave 

converting converters (red lines represent the orbital velocities of passing waves). B) Wind energy 

converters (red lines represent the helical velocities of the moving fluid). C) Tidal energy converters 

(red lines represent the helical velocities of the moving fluid (Vogel, 1994)). 

 

MREDs are and will be increasingly deployed in areas characterised by a wide range of flow 

environments (Figure 1.3). For example, wave and tidal MREDs are placed in highly 

energetic environments characterised by large amounts of water movement. Therefore, the 

physical constraints associated with a variable hydrodynamic environment will play a large 

role in shaping the fouling species that are present on devices (Shields et al., 2011). Habitats 

created by MREDs may be more productive where modest increases in water flow enhance 

the availability of resources such as food and oxygen (Koehl, 1999, Wilhelmsson and Malm, 

2008). There is typically a non-linear response where increases in flow rate beyond an 

optimum result in individuals being less able to exploit available resources (Eckman and 

Duggins, 1993, Hart and Finelli, 1999, Arkema, 2009) (Figure 1.4). Therefore, biofouling 

communities resident on MREDs may be subjected to both low resource availability (in areas 

of low water flow) and/or conditions limiting metabolism, or resource acquisition (in areas of 

high water flow) (Alpert et al., 2000). High productivity environments, as a result of 
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beneficial flow conditions, are more likely to be ‘governed’ by ‘bottom-up’ processes such as 

competition for resources (Leonard et al., 1998). Conversely, low flow sites are more likely to 

be ‘governed’ by ‘top-down’ forces, namely, greater predation rates (Leonard et al., 1998).  

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Changes in the form of the common biofouling anemone (Metridium senile) with 

increased flow. Deformation of the feeding apparatus with increased flow leads to a reduction in 

capture rate of plankton and reduced feeding efficiency (Anthony, 1997).  

 

1.2 Key factors affecting non-native species establishment and native community 

susceptibility to invasion on marine renewable energy structures 

Movement of marine species has dramatically increased in recent years due to human 

activities such as; international shipping, aquaculture and the construction of canals (Fofonoff 

et al., 2003). The arrival and success of any new species in a novel environment can be 

unpredictable and in most cases will be unsuccessful, as only a fraction of introductions lead 

to a self-perpetuating population (Williamson, 1996, Alpert et al., 2000) (Figure 1.5). This has 

driven a need to understand the key processes and characteristics of non-native species that 

makes them more successful in their new environment and what the key characteristics of 

native communities and/or habitats, that make them more susceptible to invasion (Bruno et 

al., 2005).  
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Species specific traits have been used to identify which species may have a particular 

ecological advantage in a new habitat (Alpert, 2006). For example, those organisms with high 

phenotypic plasticity, a broad native ecological range and/or reproductive strategy that results 

in rapid dispersal rates, may be more likely to be successful in the recipient habitat and 

therefore ‘invasive’ in nature (Alpert et al., 2000). Abiotic and biotic features of the receiving 

habitat, in this case, artificial structures in high energy environments, may also play an 

important role in determining how ‘invasive’ a new species is, particularly when taking into 

consideration the selective pressures of being introduced in the first place (Sakai et al., 2001, 

Murray et al., 2012). NNS have been documented in high abundances on artificial structures 

A successful NNS invasion 

A sufficient propagule source 

1: Requiring a source population that is 
reproductively active within the natural ranges of 

dispersal 

Settlement 

1: Requiring available resources for example 
space 

2: Requiring adequate physical and 
environmental conditions for successful 

settlement. 

Recruitment 

1: Requiring adequate resources for growth and 
reproduction 

2: Requiring adequate environmental and 
physical conditions for survival, growth and 

reproduction. 

Subsequent spread 

1: Requiring sufficient dispersal of propagules or 
adults in close enough proximity to suitable 

habitats. 
2: Requiring the translocation of propagules or 

adults by anthropogenic activities. 

Facilitative 

interactions 

A facilitative 
interaction is a positive 

interaction between 
two or more species 
that benefits at least 
one in this case the 

invader species.  
 

Competitive 

Interactions 

Depending on the 
nature of the 
interaction, 

competition can be 
positive or negative 

for the overall 
success of the 

invading species. 

Figure 1.5: The requirements necessary for each stage in the invasion process. Both 

competitive and facilitative interactions operate to affect the outcome of various stages. Based on 

Bruno et al (2005), Everett et al (2000), Shea and Chesson (2002). 
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including; aquaculture and petroleum industry infrastructure, harbours and marinas, coastal 

protection, navigation aids (Bulleri and Airoldi, 2005, Page et al., 2006, Glasby et al., 2007, 

Tyrrell and Byers, 2007, Dafforn et al., 2009, Mineur et al., 2012), as well as MREDs (Brodin 

and Andersson, 2009, Reubens et al., 2012). The propagation of NNS on artificial structures 

may aid secondary dispersal providing an invasion pathway to natural habitats that was 

previously absent. This may occur firstly, through acting as source population by supplying 

propagules to surrounding natural habitats (Glasby et al., 2007) and/or secondly, providing a 

refuge in an area devoid of hard substrate aiding the range expansion of species by linking 

habitats previously unconnected (Page et al., 2006, Langhamer et al., 2009, Sheehy and Vik, 

2010).  

 

Biofouling species largely consist of organisms which possess two distinctive phases in their 

life cycles, a larval stage, which is planktonic and an adult stage that is benthic (Hellio and 

Yebra, 2009). The establishment of any biofouling organism, whether native or non-native, 

will be proportional to the success of the least successful life cycle stage (Fraschetti et al., 

2002). Therefore, species recruitment to the fouling community is limited by both pre-

settlement and post-settlement processes (Fraschetti et al., 2002, Jonsson et al., 2004, Pineda 

et al., 2009) (Figure 1.4). Pre-settlement success is dependent on a variety of factors including 

the stochastic nature of water column processes that affect propagule supply to benthic 

communities (Fraschetti et al., 2002, Drake et al., 2005). Conversely, pre-settlement processes 

may be less important for introduced species that have, shorter lived larvae (e.g., anemones 

and hydroids), direct development (e.g., amphipods) and/or asexual reproduction (e.g., 

bryozoans). Such organisms may be dispersed by anthropogenic activities including the 

movement of supply vessels travelling from previously occupied areas (Godwin, 2001, 

Gollasch, 2002, Coutts and Taylor, 2004, Page et al., 2008). Wide-spread industrial activity 

associated with the marine renewable energy industry, including the movement of the 

structures and service vessels is highly likely to aid the dispersal of NNS to and from 

MREDs. 

 

1.2.1 Non-native species response to novel habitats 

There are many reasons why some introduced species may prosper in a new environment 

including: escape from predators, or parasites (Colautti et al., 2004); human induced 

disturbance that can free limiting resources (Clark and Johnston, 2009); or in some cases the 

introduced species may possess a superior competitive ability, or enhanced response to 

available resources (Shea and Chesson, 2002, Alpert, 2006). The substitution of natural 
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environments, with new habitats created during the deployment of MREDs, can change the 

outcome of competitive interactions and in some cases could provide opportunities for NNS 

(Bulleri and Chapman, 2010, Mineur et al., 2012). The novel environments created by 

MREDs contrast to natural habitats in terms of surface material, physical orientation and 

structure (Bulleri and Chapman, 2010). These unique niches will be unfamiliar to the 

evolutionary history of both native and NNS alike. Therefore, it is likely that the relative 

competitive outcomes of both native and NNS will be altered (Shea and Chesson, 2002). For 

example, substrate recognition among fouling species is a key life-history characteristic used 

to select suitable conditions for subsequent survival and growth (Anderson, 1996, Harrington 

et al., 2004). NNS may have a competitive advantage on artificial substrate, if native species 

have a reduced capacity to recognise the substrate, or indeed recognise the substrate as a 

suboptimal niche (Tyrrell and Byers, 2007). Artificial habitats created by MREDs are 

analogous to those responsible for transporting NNS, such as, the hulls of ships (Gollasch, 

2002). For example, the use of toxic antifouling paints, typically containing copper, may 

enhance the recruitment of NNS by disproportionately selecting NNS, which tend to have a 

greater tolerance to copper exposure (Dafforn et al., 2008, Piola and Johnston, 2009). 

Moreover, many NNS possess biomechanical properties that strengthen attachment and 

reduce drag experienced whilst being transported on the hulls of vessels (Murray et al., 2012).  

 

Stressful hydrodynamic environments around some MREDs may disproportionately restrict 

the occurrence of many native species (Denny et al., 1998, Leonard et al., 1998, Dafforn et 

al., 2008), as some NNS are better adapted for survival where hydrodynamic environments 

are highly energetic (Coutts et al., 2010, Murray et al., 2012), these species may be likely to 

dominate novel niches provided by MREDs. Colonial, encrusting, hard and/or flexible fouling 

organisms are better able to withstand the strong selection pressure experienced when being 

transported by vectors encountering high-flow (Nowell and Jumars, 1984, Coutts et al., 2010). 

The transportation of many NNS attached to the hulls of vessels is a key process in invasion 

biology and was suggested to be responsible for hard-substrates in some estuaries being much 

more heavily invaded than neighbouring soft-sediments (Wasson et al., 2005). Alternatively, 

where NNS are less adapted to tolerate maximum levels of stress in the recipient habitat, they 

may be competitively inferior and/or lost from the community altogether (Alpert et al., 2000). 

These processes may in part explain the disproportional recruitment of NNS to artificial 

structures, where novel surface types and environments are likely to be responsible for the 

observed high numbers of NNS (Glasby et al., 2007, Mineur et al., 2012). 
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1.2.2 The role of native communities in determining non-native species success 

Where competitive interactions amongst species are the principal drivers of community 

composition, prevailing environmental conditions that limit metabolism and/or resource 

acquisition generally restricts opportunities for both NNS and native species resulting in 

unproductive environments (Alpert et al., 2000, Shea and Chesson, 2002, Stachowicz and 

Tilman, 2005). However, productive habitats, typically characterised by a large numbers of 

competitors, may also restrict NNS recruitment (Figure 1.6). According to Huston (2004), 

high performance of non-native species requires the successful establishment within the 

recipient community and the potential for competitive dominancy. The requirements for both 

these criteria are most likely met under conditions of elevated productivity and elevated 

disturbance (Huston, 2004). Arguably, the degree to which niches created by MREDs will 

meet both these requirements is central to determining the likelihood that this industry will 

disproportionately aid NNS. Productive habitats may be created where elevated flow 

environments around MREDs are characterised by an increased delivery of food particles 

assuming feeding activities are not adversely influenced by higher flow rates (Figure 1.5). 

Furthermore, high levels of periodic disturbance, caused by physical processes such as heavy 

wave action (Sousa, 1979) and/or anthropogenic processes, such as maintenance activities 

(Dafforn et al., 2008), would result in the greater mortality of dominant species leaving 

communities vulnerable to invasion by competitively dominant NNS. A combination of 

sufficient propagules and disturbance leading to a freeing of resources, primarily space, may 

be necessary for the successful establishment of NNS in marine epibenthic communities 

(Clark and Johnston, 2009). For example, high frequency, low magnitude disturbance has 

been demonstrated to maximise NNS success in a fouling community (Altman and Whitlatch, 

2007). This was particularly true where the NNS were colonial, as they are capable of 

responding to changes in spatial resources more quickly (Altman and Whitlatch, 2007). 
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Increased species richness in marine biofouling communities is believed to protect against 

fluctuations in resource availability caused by disturbance, utilising resources more 

completely (Alpert et al., 2000, Stachowicz and Tilman, 2005). Simple communities on 

MREDs subject to natural cycles in population size may contain more free space resulting in 

enhanced NNS survival rates (Stachowicz et al., 1999). Conversely, invasion rates may 

increase with elevated diversity as more diverse communities contain smaller individual 

colonies, which are more likely to be lost, thus producing more available space for NNS 

establishment (Dunstan and Johnson, 2004). At larger scales, NNS richness can be positively 

correlated with native species richness, as the extrinsic factors promoting native species 

richness also promote invasion (Levine et al., 2002, Sax et al., 2002). The disagreement 

between large scale and small scale observations has been described as the invasion paradox 

(Fridley et al., 2004, Altieri et al., 2010). The general disagreement between the degree of 

invasion success and native species richness suggests that interactions other than competition 

may better explain the invasion paradox (Altieri et al., 2010).  

 

Excluding predation, interactions amongst species can be summarised as being either 

competitive, or facilitative. A facilitative interaction occurs when an individual, or group of 

Figure 1.6: Relationship between population growth, disturbance and species diversity. 

This model suggests that the establishment of NNS is most likely under relatively undisturbed 

and unproductive conditions and disturbed productive conditions (Shea and Chesson, 2002, 

Huston, 2004). High performance of non-native species requires the successful 

establishment within the recipient community and the potential for competitive 

dominancy. The requirements for both these criteria are most likely met under 

conditions of elevated productivity and elevated disturbance. 
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individuals, modify their environment to produce favourable conditions for another species. 

This may occur through; the enhancement of limiting resources, competitor and/or predatory 

release, or the amelioration of stresses (abiotic or biotic) that are reducing the success of the 

species in question (Rodriguez, 2006). Where facilitation is considered, an expansion of the 

realised niche is possible where positive interactions may counteract negative niche-shrinking 

interactions such as competition, or abiotic stress (Figure 1.7) (Bruno et al., 2003, Altieri et 

al., 2010). Moreover, the extent to which these positive interactions may outweigh negative 

interactions is to some degree driven by the level of environmental stress experienced (Figure 

1.8) (Menge and Sutherland, 1987, Bruno et al., 2003, Wesenbeeck et al., 2007). Therefore, 

for an invading NNS inhabiting MREDs placed in hydrodynamically stressful environments, 

facilitative interactions may be more central to NNS fitness than competitive interactions 

(Menge and Sutherland, 1987, Bruno et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Demonstration of how facilitative interactions may expand the realised niche in 

communities exposed to high environmental stress. If facilitative processes are considered an 

expansion of the realised niche is possible. Such positive interactions may be central when considering 

the impact of high stress environments on community structure. Figure adapted from Bruno et al. 

(2003). 
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Figure 1.8: Illustration of how the focal community structuring interactions between a species 

may switch from primarily negative to positive along a gradient of environmental stress. Figure 

taken from Bruno et al (2003). 

 

Many invasive species are competitively dominant at the cost of another trait, for example, 

the mussel, Mytilus galloprovincialis, directs most of its energy to fast growth and high 

reproductive output at the cost of reduced attachment strength (Zardi et al., 2006). Superior 

competitors may benefit from the presence of weaker species through positive interactions 

such as reduced grazing intensity or elevated attachment strength (Bruno et al., 2003). For 

example, under greater wave induced stress the competitively dominant, M. galloprovincialis, 

may also benefit from the facilitative interactions of native species that reduce the absolute 

stress experienced by individual organisms (Zardi et al., 2006, Rius and McQuaid, 2009). 

Complex interactions such as these may also occur within the communities resident on 

MREDs deployed in stressful flow environments as the successful settlement and growth of 

one species may change the hydrodynamic conditions, thus enhancing the settlement of 

another (Koehl, 2007). This is in agreement with one of the principal models describing 

ecological succession, where the presence of pioneer species facilitate the establishment of 

later successional species (Connell and Slatyer, 1977). Typically, the first colonisers of bare, 

hard substrate are bacteria and other micro-organisms, which form a surface bio-film (Jenkins 

and Martins, 2010). Larger, multi-cellular organisms are next to colonise and as the 

colonisation process continues available free space suitable for colonisation reduces. MREDs 

must be deployed in the marine environment for many years to be economically viable, hence 
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guaranteeing the recruitment of biofouling species, even where modern antifouling 

technologies are in use (Durr and Thomason, 2010). Under all hydrodynamic conditions, 

alterations to the surface architecture as a community matures, will in turn modify the flow 

across it, thus increasing the heterogeneity of surrounding flow environments (Oriordan et al., 

1993, Abelson and Denny, 1997, Johnson, 2001, Folkard and Gascoigne, 2009, Friedrichs and 

Graf, 2009). Such changes in community architecture can determine habitat suitability for 

many native and non-native sessile and motile species alike (Dean, 1981, Hicks, 1989, 

Shucksmith, 2007).  

 

1.3 Thesis Aims 

This introductory chapter outlines the processes by which communities and water flow may 

moderate the likelihood of NNS being present on a particular structure. The overall aim of 

this thesis is to investigate whether MREDs aid the spread of NNS. To understand whether 

non-natives will prosper on the novel environments created by the renewable energy industry, 

we must first understand what the community characteristics on artificial structures will be in 

a range of hydrodynamic environments. This thesis aims to establish what the characteristics 

of biofouling communities on MREDs are likely to be and whether they are altered by local 

flow regime and/or the duration of deployment of the structure (Chapter 2). Such information 

may also better inform mitigation policy that has a focus on the potential beneficial effects 

that these communities may have on associated species, such as pelagic fish. This thesis also 

aims to identify known NNS on off-shore artificial structures and use associated information 

concerned with the biofouling community to determine the abiotic and biotic factors, which 

can be used to predict their presence (Chapter 3). To better understand how different flow 

regimes experienced on MREDs will affect important biofouling NNS requires the design and 

construction of a controllable flow environment (Chapter 4). The thesis also aims to establish 

whether flow moderates the interactions between species and to determine the role that 

increased flow heterogeneity may play in facilitating NNS colonisation under varying 

hydrodynamic conditions (Chapter 5). The role that the flow environment plays in 

determining the success of non-native fouling species will produce a valuable insight into 

whether they can utilise different technologies to aid range expansion. A summary of the 

overall aims of subsequent chapters are given below: 

 

• Chapter 2: Aims to investigate how deployment length, geographical area and tidal 

flow rate shaped the community composition resident on artificial off-shore structures.  
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• Chapter 3: Aims to determine the presence of known NNS on off-shore artificial 

structures and use information on the abiotic and biotic environment to produce 

predictive models of presence probability for selected important species. 

 

• Chapter 4: Aims to detail the design, building and evaluation process for a large high-

speed flume apparatus and discuss the flow environment created in the context of its 

suitability for subsequent experiments. 

 

• Chapter 5: Aims to establish and subsequently predict the behavioural responses of 

two common non-native amphipod species to increased flow. This chapter also aimed 

to determine whether a negative interaction between both species was present and 

whether this was moderated by the surrounding flow environment. The response of a 

widespread non-native amphipod to increased flow heterogeneity and different 

substrate types were also investigated.  

 
• Chapter 6: Aims to synthesise the results from previous chapters and discuss findings 

and future experiments in this research area. 
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________________________________________________Chapter 2 

Characterising off-shore biofouling communities: the effect of 

varying hydrodynamic conditions, geographical location and 

deployment length on community composition  

2.1 Introduction      

The cumulative environmental and ecological changes associated with the wide-scale addition 

of marine renewable energy devices (MREDs) are poorly understood (Gill, 2005, Petersen 

and Malm, 2006, Inger et al., 2009). Current marine renewable energy technologies 

encompass a wide array of devices each with their own specific design elements. Their 

deployment in a range of environments will create many unique artificial habitats (Bulleri and 

Chapman, 2010, Miller et al., in press). The composition of marine flora and fauna that 

colonise such devices will be one of the principal features driving many of the ecological 

interactions of this technology with natural habitats (Boehlert and Gill, 2010, Wilhelmsson et 

al., 2010, Langhamer, 2013). Alteration of natural processes via habitat creation at the 

individual device scale, may also alter much larger-scale processes (Maar et al., 2009). For 

example, many of the characteristic features of renewable energy devices, such as their 

positioning and orientation of free surfaces, may disproportionately favour invasive non-

native species (NNS) (Bulleri and Airoldi, 2005, Glasby et al., 2007, Dafforn et al., 2009). 

The aiding of invasive NNS via the creation of artificial habitats may present a threat to 

coastal biodiversity by providing an invasion pathway that was previously absent (Glasby and 

Connell, 1999, Mack et al., 2000, Bulleri and Airoldi, 2005, Glasby et al., 2007). 

Alternatively, habitat creation may result in communities which have ‘desirable’ 

characteristics, such as, ‘artificial reef’ effects (Svane and Petersen, 2001, Langhamer, 2013). 

These characteristics may include: a high abundance of prey species for foraging animals, 

complex habitats providing predator avoidance for commercially important species, or 

communities with reduced drag coefficients reducing structural loading on devices (Swift et 

al., 2006, Wilhelmsson et al., 2006a, Langhamer et al., 2009). The latter is an important 

consideration as the rapid developments of biofouling communities on off-shore devices is a 

major technical problem and therefore of great economic importance.  

 

Communities typical of artificial structures differ from natural occurring communities due to 

certain characteristic features of the former structures (Anderson and Underwood, 1994, 

Connell and Glasby, 1999, Connell, 2001, Glasby et al., 2007). Many of these unique 
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features, typical of MREDs, have been documented as agents capable of shaping associated 

communities, for example: surface type (Chapman and Clynick, 2006, Burt et al., 2009), 

orientation (Connell, 1999, Knott et al., 2004), relief in the water column (Cole et al., 2005) 

and differences in larva supply between areas (Fraschetti et al., 2002). The ‘typical’ 

community composition resident on renewable energy devices will determine many of the 

positive and negative ecological effects of utilising this type of technology in the marine 

environment (Svane and Petersen, 2001, Inger et al., 2009). 

 

There have been many comprehensive studies concerned with biofouling on off-shore oil and 

gas platforms including: Southgate and Myers (1985), Relini et al. (1998), Wolfson et al., 

(1979) and Guerin (Guerin et al., 2007). Biofouling communities tend to be dominated by 

organisms with a pelagic dispersal stage and sessile, or sedentary, adult stage (Durr and 

Thomason, 2010). These organisms can be generally further categorised as filter-feeding, 

heterotrophic organisms; i.e. bivalve molluscs, barnacles, bryozoans and tunicates; and 

autotrophic algae (Connell, 2001, Svane and Petersen, 2001, Hughes et al., 2005). A great 

deal of variation in community composition occurs, owning largely to pre-settlement and 

post-settlement processes (Fraschetti et al., 2002). Depth strongly influences the community 

development on artificial structures primarily due to the recruitment of algae in shallower 

waters (Svane and Petersen, 2001). As many renewable energy devices are to be deployed in 

relatively shallow marine environments, biofouling studies must draw comparisons from 

similar habitats. For example, navigation buoys provide a large number of identical structures 

in a wide range of habitats and geographical areas. In this study, these buoys have been used 

as a proxy to understand biofouling processes on future marine renewable energy structures, 

including their capacity for aiding NNS. The principal advantages of using navigation buoys 

to study biofouling are: firstly, they are very similar in form (materials, coatings, and designs 

are standardised) and are deployed in similar environments to MREDs, secondly, they are 

man-made and floating in nature and arguably possess maximal benefits for the establishment 

of NNS (Glasby et al., 2007). There are only a few published studies on the biofouling 

communities on off-shore buoys (Relini et al., 2000a, Yan et al., 2003, Langhamer et al., 

2009). However, these studies have demonstrated that buoys are good platforms for 

undertaking biofouling studies as they provide an effective approach to study sub-tidal 

biofouling communities. 

 

Across the ‘spectra’ of renewable energy technologies deployment will take place within a 

range of environments from relatively low hydrodynamic stresses more suitable for off-shore 
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wind to the extreme hydrodynamic stresses, characteristic of wave and tidal devices. 

Arguably, high water flow around tidal and wave MREDs may be the most significant agent 

shaping resident biofouling communities (Koehl, 1984, Nowell and Jumars, 1984, Vogel, 

1994, Denny et al., 1998, Leonard et al., 1998, Coutts et al., 2010). Wave MREDs will be 

characterised by unpredictable ‘unsteady’ flow conditions which will be shaped by the 

complex interactions between the devices and prevailing wave conditions (Nowell and 

Jumars, 1984). Conversely, tidal driven flows across tidal MREDs create more ‘steady’ flow 

environments. This chapter focusses primarily on the impact of tidal flow on the communities 

of marine flora and fauna that can colonise and inhabit these artificial structures, as these 

communities are poorly understood. 

 

To evaluate the benefits (e.g. artificial reef effects) and negative effects (e.g. propagation of 

non-native species) of artificial habitat creation in high energy environments, we need to first 

examine what types of communities are common on off-shore artificial structures. To address 

this question, requires a large number of similar artificial structures in both ‘high’ and ‘low’ 

flow environments. By utilising a large-scale network of navigation buoys in Scotland and the 

Isle of Man, this study aims to investigate the community composition of off-shore artificial 

substrates in a range of environments and geographical locations. The hypotheses investigated 

were:  

 

• H0: Biofouling wet-weight on navigation buoys is unaffected by estimated tidal flow 

speed, the deployment length (years) of buoys and/or geographical area. 

 

• H0: Community composition is unaffected by geographical area, flow category 

(‘High’ or ‘Low’ flow) and/or deployment length (years). 

 

• H0: Species richness is unaffected by estimated flow speed and/or deployment length. 

 

• H0: Similarity matrices computed for biofouling communities using two different 

methods are well correlated. 
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2.2 Methods 

2.2.1 Site selection 

Using the Geographical Information Systems (GIS) software (ArchGIS Esri), a model was 

constructed using five data layers, including tidal current regimes (mean peak spring tidal 

speed ms-1) taken from the UK Atlas of Marine Renewable Energy Resources (BERR, 2008). 

It should be noted that the tidal data layer model produced a relatively large grid size (≤1.8 

km). This layer was based on the best available knowledge gathered and functioned primarily 

to estimate relative tidal conditions to which navigation buoys were exposed. Admiralty data 

of tidal streams were also used to verify current strength. Bathymetry and navigational buoy 

data, in addition to other geographical features, were provided by EDINA (Digimap Ordnance 

Survey Service, 01/01/2011). The use of a GIS model allowed for the querying of data to 

select floating navigation buoys subject to varying water flow rates in different geographical 

locations (Figure 2.1).  

 

Using all available information on tidal flow (BERR, 2008), buoys were categorised 

depending on whether they were located in high (above 1 ms-1 peak spring tides), or low 

(below 1 ms-1 peak spring tides) flow environments. As there was a limited number of buoys 

in the ‘high’ tidal environments, where marine renewable energy generation is likely to be 

located (Harrald et al., 2010), as many ‘high’ flow buoys were sampled as was practically 

possible. In collaboration with the Northern Lighthouse Board (NLB), a total of 14 buoys 

were sampled in ‘high’ flow and 29 in ‘low’ flow environments.  
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Figure 2.1: Locations of navigational aids on the west and north coast of Scotland and average 

spring tidal power (m/s
-1

). Yellow circles indicate the areas visited. 

2.2.2 Study Areas 

A total of six trips were made on the NLV Polestar to five NLB areas, sampling 43 navigation 

buoys, approximately one third of the navigation buoys that the NLB maintain (Table 2.1). 

The first trip to the Sound of Harris took place during May 2010, the remaining trips to the 
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Skye area, Orkney Isles, Clyde area and the Isle of Man took place during the spring and 

summer of 2011. Although not always adhered to, the annual schedule for navigation buoys 

maintenance and replacement generally followed a similar pattern from spring to summer. 

The Sound of Harris and Skye buoys were typically visited in spring, whilst the Orkney, 

Clyde and Isle of Man buoys were typically visited in the summer. All five geographic areas 

had navigation buoys occupying a range of tidal exposures and the majority were adjacent to 

proposed future tidal developments (Harrald et al., 2010).  

 

 

Table 2.1: Navigation buoys, duration of deployment, flow conditions and geographical area. 

Buoy Name 
Duration of 
deployment 

(years) 

Flow 
Category 

Geographical Area 
(NLB) 

Latitude Longitude 

Black Rocks 3 High Flow Clyde 55 47.503 N 006 04.082 W 
Macosh Rock 4 High Flow Clyde 55 17.950 N 005 36.970 W 
Troon * 3 Low Flow Clyde 55 28.773 N 004 39.851 W 
Whitestone Bank 4 High Flow Isle of Man 54 24.599 N 004 20.375 W 
Bahama Bank 1 Low Flow Isle of Man 54 20.022 N 004 08.549 W 
Barr Rock 2 High Flow Orkney 58 56.605 N 003 17.000 W 
Egilsay Graand 1 High Flow Orkney 59 06.870 N 002 54.400 W 
Peter Skerry 4 High Flow Orkney 58 56.259 N 003 13.515 W 
Roddock shoal 6 High Flow Orkney 58 55.890 N 003 15.000 W 
Sand Eel 1 High Flow Orkney 58 56.417 N 003 15.342 W 
Billia croo East 7 Low Flow Orkney 58 58.386 N 003 22.388 W 
Billia croo North 7 Low Flow Orkney 58 59.522 N 003 23.750 W 
Billia croo South 7 Low Flow Orkney 58 57.430 N 003 23.047 W 
Billia croo West 7 Low Flow Orkney 58 58.530 N 003 24.634 W 
Boray Skerries 5 Low Flow Orkney 59 03.659 N 002 57.643 W 
Eday Gruna 3 Low Flow Orkney 59 08.386 N 002 43.846 W 
Flotta Grinds 3 Low Flow Orkney 58 50.970 N 003 00.773 W 
Galt Skerry 3 Low Flow Orkney 59 05.225 N 002 54.182 W 
Linga Skerry 2 Low Flow Orkney 59 02.395 N 002 57.557 W 
Royal Oak 3 Low Flow Orkney 58 55.746 N 002 59.186 W 
Skertours 3 Low Flow Orkney 59 04.118 N 002 56.704 W 
String Rock 4 High Flow Skye 57 16.490 N 005 42.890 W 
Black Eye Rock 3 Low Flow Skye 57 16.706 N 005 45.305 W 
Bow Rock 4 Low Flow Skye 57 16.762 N 005 45.916 W 
Carrach Rock 2 Low Flow Skye 57 17.180 N 005 45.356 W 
Fork Rock 2 Low Flow Skye 57 16.836 N 005 44.935 W 
Gulnar Rock 3 Low Flow Skye 57 19.148 N 005 55.856 W 
Jackal Rock 2 Low Flow Skye 57 20.340 N 006 04.758 W 
Na Gamhachain 5 Low Flow Skye 57 35.890 N 005 57.714 W 
Racoon Rock 1 Low Flow Skye 57 16.152 N 005 35.198 W 
Bo Quidam 3 High Flow Sound of Harris 57 46.304 N 007 03.740 W 
Bodha Leathach Caola* 3 High Flow Sound of Harris 57 46.634 N 007 04.204 W 
Cope Passage 10 2 High Flow Sound of Harris 57 43.308 N 007 64.112 W 
Cope Passage 9 2 High Flow Sound of Harris 57 44.143 N 007 65.440 W 
Horse Rock 3 High Flow Sound of Harris 57 46.002 N 007 03.359 W 
Bo Stianan 1 Low Flow Sound of Harris 57 75.657 N 007 04.166 W 
Colasgeir 3 Low Flow Sound of Harris 57 47.281 N 007 06.058 W 
Cope Passage 1* 3 Low Flow Sound of Harris 57 41.240 N 007 02.710 W 
Cope Passage 2 3 Low Flow Sound of Harris 57 41.375 N 007 03.006 W 
Cope Passage 7 3 Low Flow Sound of Harris 57 42.375 N 007 42.581 W 
Cope Passage west 3 Low Flow Sound of Harris 57 44.828 N 007 81.591 W 
Fairway 4 Low Flow Sound of Harris 57 40.424 N 007 14.760 W 
Stumbles Rock 4 Low Flow Sound of Harris 57 45.140 N 007 01.790 W 

      (*) Indicates a buoy where it was not possible to use the destructive scrape sampling method. 
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The Sound of Harris, between the Outer-Hebridean islands of North Uist (South) and Harris 

(North) (Figure 2.2) has strong tidal currents with current speeds reaching over 2 ms-1 during 

spring tides (BERR, 2008). Thirteen buoys were sampled in this region; 8 designated as ‘low’ 

flow’ and 5 designated as ‘high’ flow.  

 

The Isle of Skye area forms part of the inner-Hebridean islands, where a complex tidal system 

exists between the islands and the mainland. Most notable is the Kyle Rhea and Kyle of 

Lochalsh, which have strong tidal flow (over 3 ms-1) and tidal renewable energy schemes are 

currently under development (BERR, 2008). Nine buoys were sampled in this region; 8 

designated as ‘low’ flow and 1 designated as ‘high’ flow.  

 

The Orkney Isles in the north-east of Scotland have complex tidal streams, reaching speeds of 

over 4 ms-1 (BERR, 2008). The Orkney Isles are rich in tidal and wave energy resources and 

as a result this area is a leading location in the development of wave and current MREDs 

(Moore et al., 2007). Navigation buoys directly adjacent to the wave test site (Billia croo) and 

the tidal test site (Falls of Warness) were sampled. Buoys in other locations, such as the 

Sound of Hoy, where tidal currents regularly exceed 3 ms-1 were also sampled. Sixteen buoys 

were sampled in this region; 11 designated as ‘low’ flow and 5 designated as ‘high’ flow.  

 

The Clyde area included one navigation buoy in the Sound of Islay and one navigation buoy 

at the southern tip of the Mull of Kintyre. Scottish Power Renewables is currently developing 

the tidal resources (speeds over 4 ms-1) in the Sound of Islay with the installation of 10 large 

turbines. Whilst two companies (Nautricity Ltd and Argyll Tidal Ltd) are currently 

developing the tidal resources (speeds over 4 ms-1) around the southern end of the Mull of 

Kintyre. In total, three buoys were sampled in this region; 1 designated as ‘low’ flow and 2 

designated as ‘high’ flow.  

 

The Isle of Man was the southernmost site visited. Two buoys were sampled in this area, one 

of which was exposed to ‘high’ flow over 1 ms-1, where strong tides exist off the northern tip 

of the island. The other buoy was located in a ‘low’ flow environment to the east of the island. 
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Figure 2.2: The location of navigation buoys sampled in different geographical areas.  

2.2.3 Experimental Approach 

Navigation buoys maintained by the NLB are serviced annually at approximately the same 

time each year (Sean Rathbone, NLB, pers. comm.). However, due to many external 

influences, such as responding to faulty navigation aids, scheduled servicing varies greatly. 

Maintenance includes: checking the mooring system and navigational aids, in addition to 

cleaning with scrapers and pressurised water. The parts of the buoy that are cleaned on an 

annual basis include; the top of the buoy, the mooring chain connectors and the top wall 

(Figure 2.3). The slope and the skirt are not cleaned annually and communities develop over 

the deployment time of the buoy. Approximately every 6 years, the buoys are returned to the 

main base in Oban where they are painted with a non-biocidal, anti-corrosion paint 

(International paint, Intersheen) (Sean Rathbone, pers. comm.).  
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Figure 2.3: A navigation buoy used by the Northern Lighthouse Board showing distinct sections; 

top wall, slope, and skirt.  

 

This survey was only possible in conjunction with on-going work undertaken by the Northern 

Lighthouse Board, therefore, every effort had to be made to work quickly to avoid delaying 

routine maintenance by the crew. As time was a limiting factor in this survey work, two 

simple sampling methods were employed, a photographic and a scrape sampling method.  

 

The photographic method involved taking five digital photos (eight for The Sound of Harris 

buoys) at the highest point on the skirt (0.7 m depth) using a camera (Olympus Tough 8010, 

5.0x optical zoom, 14 mega pixel) mounted on a 20 cm x 20 cm quadrat frame and at a 

distance of 35 cm from the surface of the buoy. Each photo was equally spaced around the 

circumference of the buoy (approx. 1.2 m apart). A total of 245 photographs were taken from 

43 buoys sampled. Images were processed using the programme Vidana 1.0 (download at 

http://projects.exeter.ac.uk/msel/vidana, 31/01/2011) to calculate percentage area cover of 

each biofouling taxon (Figure 2.4). Where organisms were identified down to species level 

(Hayward and Ryland, 1990) their percentage cover was calculated. However, those flora and 

fauna that were not easily identified to species level were grouped at a higher taxonomic 

level.  

 



26 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: A screen shot of the program Vidana used to analyse photographic samples. Sample 

taken from the Bo Quidam buoy (Sound of Harris) which had been deployed for 3 years. 

 

Of the 43 navigation buoys sampled, 40 were sampled using a destructive scrape sampling 

method. The three buoys that were not sampled using this method were omitted due to 

unforeseen constraints. These included buoys that were sampled opportunistically without 

time to take scape samples, loss of samples due to damage and samples use for early 

taxonomic identification. Samples were obtained using a 10 cm wide paint scraper to remove 

all biofouling biomass from the buoy into a specially designed container (2000 cm3), which 

had a 20 cm x 20 cm quadrat attached for reference. Material was transferred to labelled 

containers, which were filled with a solution of 10% (v/v) buffered formalin for fixation and 

transportation back to the laboratory. Subsequently, material was rinsed thoroughly using a 

one millimetre sieve (Hartley, 1982). All excess water was removed by placing absorbent 

tissue under the sieve and shaking gently until no more water could be absorbed. The wet 

weight (0.01g) of the entire sample was measured using an electronic scale (Sartorius, 

Universal U6100S).  Individual organisms were then sorted and identified to the lowest 

taxonomic group possible using a dissecting microscope (Wild, M5).  
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2.2.4 Statistical analysis 

Trends in species richness (total number of species present in a sample) and wet-weight with 

duration of deployment (years) and flow rate (ms-1) were investigated. Data were fitted to a 

generalised mixed model in the R statistics package (R Development Core Team, 2012). The 

navigation buoy was defined as a random effect variable accounting for pseudo-replication 

within each buoy. In the final model, each navigation buoy was nested within geographical 

area (random effect variable). Model fit and selection was made possible by using Akaike 

Information Criterion (AIC) and Bayesian Information Criterion (BIC) (Bolker et al., 2009, 

Zuur et al., 2009). The final model was fitted by the Laplace approximation method (Bolker et 

al., 2009). Trends were then plotted and Bayesian inference was used to calculate 95% 

credible intervals. Differences in mean wet-weight of buoys between regions were also 

compared using a non-parametric Mann-Whitney U test (Minitab\v15 statistical software). 

For the analysis which included tidal flow estimates/category, samples from the Billa Croo 

site (Orkney) were omitted due to potential ambiguities introduced by wave-driven flow at 

this site. The depth of the communities on the buoy, along with the floating nature of buoy 

structures meant that wave driven flow around navigation buoys would be negligible under 

most circumstances studied (Vogler, A., pers. comm. 4th May 2012). However, complex 

interactions between the buoy mooring and the orbital velocities associated with wind-waves 

means that small water velocities are produced by passing waves (Bena et al., 2000). With the 

exception of the Billia Croo buoys, all the navigation buoys sampled were, to some degree, 

sheltered from large waves generated from very large fetch areas. These large waves would 

have the characteristics associated with large amounts of wave-driven flow around the buoy 

structures (Bena et al., 2000).  

 

Multivariate analyses (Primer\v6 statistical software) were used to compare the biofouling 

composition between each buoy (Clark and Warwick, 2001). Data produced from the 

photographic and scrape sampling methods were analysed independently. The percentage 

cover measurements, for each taxon, produced by the photographic method were averaged for 

each buoy and square root transformed. The  Bray-Curtis similarity measure was calculated to 

compare similarities between buoys (Clarke and Warwick, 1994). For the scrape sample 

method, the relative abundances of taxa were estimated using the SACFOR scale according to 

Hiscock (1996) (Table 2.2). The Kulczynski coefficient of similarity (S18) (Legendre and 

Legendre, 1998), was used to calculate similarities between scrape samples. Transformation 

was not necessary, as abundance data were represented as classes on a semi-log scale of 

relative abundance.  
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Non-metric multidimentional scaling (MDS) was used to produce a two-dimensional 

ordination of biofouling community composition for each buoy utilising similarity 

measurements produced for both the photographic and the scrape sample method. The 

influence of geographical area on buoy community structure was investigated using analysis 

of similarity (one-way ANOSIM). To test whether flow category (‘high’ flow and ‘low’ flow) 

and duration of deployment (years) had significantly different community composition a two-

way nested ANOSIM was used. This was a nested design in which the random factor, flow 

category (2 levels) and duration of deployment (7 levels), was nested within the random 

factor, geographical area (5 levels). The percentage contribution of taxon to the dissimilarities 

among groups of buoys was investigated using the ‘similarity percentages’ routine (SIMPER).  

To compare methods, RELATE analysis was used to determine the rank correlation between 

similarity matrices computed from the photographic and the destructive sampling method. 

 

Table 2.2: SACFOR scale in relation to coverage and density.  
 

Growth form Size of individuals/colonies 

% cover Crust/Meadow Massive/Turf <1cm 
1-3 

cm 

3-15 

cm 

>15 

cm 
Density 

>80% S   S       
>1/0.001 m2 

>10,000 / m-2 
(1x1 cm) 

40-79% A S A S     1-9/0.001 m2 1000-9999 / m-2 

20-39% C A C A S   
1-9 / 0.01 m2 

100-999 / m-2 
(10 x 10 cm) 

10-19% F C F C A S 1-9 / 0.1 m2 10-99 / m-2 

5-9% O F O F C A 1-9 / m2   

1-5% or density R O R O F C 
1-9 / 10m2 

  
(3.16 x 3.16 m) 

<1% or density   R   R O F 
1-9 / 100 m2 

  
(10 x 10 m) 

          R O 
1-9 / 1000 m2 

  
(31.6 x 31.6 m) 

            R <1/1000 m2   

S, superabundant; A, abundant; C, common; F, frequent; O, occasional; R, rare 

 

2.3 Results 

2.3.1 Biofouling wet-weight 

A significant negative trend in the log-weight and estimated flow speed was observed 

(P<0.05) (Figure 2.5). 95% credible intervals for the slope of the fixed effect (flow speed ms-

1) was estimated (upper (-0.02) and lower (-0.81)) and did not contain zero, which indicates 

that the slope for this trend is significantly different from zero. Conversely, 95% credible 

intervals for the slope of the fixed effect (duration of deployment years) was estimated (upper 
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(0.37) and lower (-0.02)) and did contain zero, which indicates that this trend was unlikely to 

be different from zero (P>0.05) and is therefore not significant (Figure 2.5). The mean weight 

of biomass sampled was significantly different in samples collected from buoys from 

differing geographical regions (Figure 2.6) (P<0.0001, Kruskal wallis test, Minitab). 

Furthermore, all mean weight measurements were significantly different between buoys in 

each region (P<0.05, Mann-Whitney U-test, Minitab), with the exception of the Clyde and the 

Isle of Man navigation buoys. The Clyde and the Isle of Man navigation buoys, however, 

were significantly heavier than the other regions sampled (Figure 2.6). 

 

 

Figure 2.5: Contour trends in log-weight of sample (area 0.04 m
2
) against: x) estimated flow rate 

(ms
-1

), y) Duration of deployment (years). A negative trend between the log wet-weight and 

estimated flow speed (ms-1) was observed (P<0.05). No trend between the log wet-weight and 

deployment length (years) was observed (P>0.05). 
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Figure 2.6: Mean wet weight (kg/m
2
) of biofouling within different geographical regions. 

 

2.3.2 Community composition 

A total of 37 separate taxa were recorded using the photographic method, this included; 21 

higher taxonomic classes, which could not be separated confidently from inspection of the 

digital photographs, 8 genera and 8 species. The fouling communities on the buoys varied 

greatly between regions (Figure 2.7 and 2.8). Commonly observed species included: the 

bivalve mollusc, Mytilus sp.; red and brown algae; amphipods, Jassa sp. and Caprella sp. and 

the hydrozoan, Coryne sp. In contrast, the destructive scrape sampling method, recorded a 

total of 125 taxa including; 15 groups of organisms categorised to higher taxonomic groups, 

42 identified to genus and 68 identified to species. A total of 26 taxonomic classifications 

were made for algae, whilst 99 taxonomic classifications were made for invertebrates 

belonging to 11 distinct phyla (Annex 1).  
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Figure 2.7: A photographic illustration of the variation in fouling communities on Navigation Buoys. A) High density of Caprella mutica (blue arrow) covering the 

tubular structures of Jassa herdmani (brown mass) (Orkney). B) High density of Caprella linearis (blue arrow) in association with Metridium senile (green arrow) and 

Mytilus sp. (Billia croo Orkney). C) Typical coverage of Mytilus sp. in the Isle of Man. D) The typical coverage of many taxa (Orkney). E) The high coverage of Coryne 

eximia (blue arrow) in association with Jassa herdmani and Parajassa pelagica (green arrow) (Sound of Hoy, Orkney). F) High density of Laminaria sp. (Orkney). 

 

A B C 

E F D 
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Figure 2.8: The average cover of key fouling taxa in different geographical regions from photographic sampling. Y axis) Sound of Harris, Skye area, Orkney, Isle of 

Man and Clyde area. X axis) Mytilus sp., Red Algae, Laminaria sp., Hydrozoa, Colonial tunicates, Jassa and Parajassa sp., Caprella sp. Anomia ephippium, other. Key 

fouling taxa were calculated from photographic data and show taxa where the sum of all buoy averages were greater than 3%. Variation between buoys in that region is 

shown by standard error bar.
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2.3.3 Geographical region and community composition 

Cluster analysis (group average) illustrated significant (P<0.05) groupings amongst buoys 

within similar geographical locations on analysing both the photograph and destructive scrape 

samples (Figures 2.9). Three clear outliers (SIMPROF test, P<0.05) were observed on the 

cluster analysis of photographic data (Figure 2.9 [A]: left to right; Black Rocks [Clyde area], 

Barr Rock [Orkney] and Bo Stianan [Sound of Harris]). Analysis of the destructive scrape 

sample data resulted in similar outliers; however, more were observed (Figure 2.9 [B]: left to 

right; Bahama Bank [Isle of Man], Black Rocks [Clyde area], Racoon Rock [Skye Area], Na 

Gamhachain [Skye Area], Peter Skerry [Orkney] and Bo Stianan [Sound of Harris]). A one-

way analysis of similarity demonstrated that the assemblages observed on buoys deployed in 

different geographical areas were significantly different ([R=0.763, P=0.001] and [R=0.727, 

P=0.001] for photograph analysis and destructive scrape sample analysis respectively), with 

the exception of the Clyde Area and Isle of Man Area.  
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Figure 2.9: Cluster analysis (group average) based on Euclidian similarities in community 

composition, displaying coherent groups (bold lines) identified by SIMPROF analysis at 

P < 0.05. A) Photographic samples and B) Destructive samples. (*) represent outliers. 

A 

B 
* * * 

* * * * * * * 
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SIMPER analysis, was performed to identify the key taxa responsible for differences in 

community structure in different geographical areas. By analysing the overall percentage 

contribution each taxon made to dissimilarities between geographical regions, a species list 

was formulated listing taxa in decreasing order of importance (Tables 2.3 and 2.4). Laminaria 

sp. was identified as a key taxonomic group, which contributed greatly to geographical 

differences in community composition in both methods used. However, the principal taxa 

which contributed most to geographical differences in community composition were 

markedly different depending on the sampling method employed. Using the photographic 

sampling method, the top six taxa contributing most to geographical differences in 

community composition were: Mytilus sp., Laminaria sp., colonial tunicates, red algae, Jassa 

and Parajassa amphipods and Hydrozoa (average percentage contribution to the differences 

observed across all geographical areas were: 16.2%, 8.8%, 8.3%, 8.2%, 8.0% and 7.0% 

respectively). Conversely, using the destructive scrape sampling method, the top six taxa 

contributing most to geographical differences in community composition were: Caprella 

linearis, the non-native Caprella mutica, Laminaria sp., Ascidiella sp., Amphipoda and 

Parajassa pelagica (average percentage contribution across all geographical areas were: 

2.6%, 2.5%, 2.5%, 2.4%, 2.3% and 2.2% retrospectively). With the exception of Ascidiella 

sp. and Laminaria sp., the top six taxa were mostly amphipod species, notably caprellids. A 

more detailed description of key taxa contributing most to geographical differences in 

community composition is given (Tables 2.3 and 2.4). 
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Table 2.3: The average Bray-Curtis dissimilarities between all geographical locations for 

photographic data.  

  Average abundance Contribution % 
Cumulative 

% 

Average dissimilarity = 68.84 Skye Orkney     

Jassa and Parrajassa sp. 0.00 0.37 11.26 11.26 

Colonial tunicates 0.48 0.19 10.67 21.92 

Red Algae 0.11 0.45 10.49 32.41 

Encrusting bryozoan 0.00 0.28 8.29 40.70 

Laminaria sp. 0.10 0.34 8.21 48.91 

Barnacles 0.29 0.11 7.96 56.87 

Average dissimilarity = 76.00 Skye Isle of Man     

Mytilus sp. 0.31 0.98 26.08 26.08 

Colonial tunicates 0.48 0.00 18.87 44.94 

Average dissimilarity = 71.29 Orkney Isle of Man     

Mytilus sp. 0.23 0.98 21.87 21.87 

Red Algae 0.45 0.00 13.00 34.86 

Encrusting Bryozoan 0.28 0.00 8.04 42.90 

Laminaria sp. 0.34 0.10 7.68 50.58 

Average dissimilarity = 79.08 Skye Clyde     

Colonial tunicates 0.48 0.00 16.84 16.84 

Mytilus sp. 0.31 0.58 16.83 33.67 

Laminaria sp. 0.10 0.38 11.16 44.83 

Barnacles 0.29 0.00 9.87 54.69 

Average dissimilarity = 66.31 Orkney Clyde     

Mytilus sp. 0.23 0.58 15.15 15.15 

Red Algae 0.45 0.03 12.37 27.52 

Laminaria sp. 0.34 0.38 8.13 35.64 

Jassa and Parrajassa sp. 0.37 0.20 8.05 43.69 

Encrusting Bryozoan 0.28 0.04 7.36 51.05 

Average dissimilarity = 45.67 Isle of Man Clyde     

Mytilus sp. 0.98 0.58 23.42 23.42 

Laminaria sp. 0.10 0.38 19.61 43.03 

Red encrusting algae 0.00 0.20 11.50 54.53 

Average dissimilarity = 68.76 Skye Sound of Harris     

Colonial tunicates 0.48 0.07 15.39 15.39 

Hydrozoa 0.05 0.39 12.23 27.62 

Barnacles 0.29 0.02 9.97 37.59 

Red Algae 0.11 0.30 8.16 45.74 

Mytilus sp. 0.31 0.37 7.85 53.59 

Average dissimilarity = 56.30 Orkney Sound of Harris     

Jassa and Parrajassa sp. 0.37 0.09 9.69 9.69 

Hydrozoa 0.17 0.39 9.31 19.00 

Unidentified solitary tunicate 0.01 0.26 7.99 26.99 

Caprella sp. 0.25 0.00 7.77 34.75 

Mytilus sp. 0.23 0.37 7.75 42.50 

Red Algae 0.45 0.30 7.44 49.94 

Laminaria sp. 0.34 0.23 6.78 56.73 

Average dissimilarity = 64.47 Isle of Man Sound of Harris     

Mytilus sp. 0.98 0.37 23.50 23.50 

Red Algae 0.00 0.30 11.77 35.27 

Hydrozoa 0.15 0.39 10.21 45.48 

Unidentified solitary tunicate 0.00 0.26 9.82 55.29 

Average dissimilarity = 69.64 Clyde Sound of Harris     

Mytilus sp. 0.58 0.37 15.43 15.43 

Hydrozoa 0.11 0.39 10.02 25.45 

Laminaria sp. 0.38 0.23 9.31 34.76 

Red Algae 0.03 0.30 9.22 43.99 

Unidentified solitary tunicate  0.00    0.26    8.54 52.53 

    
The taxa contributing most to the dissimilarities observed are shown (cut-off 50%). 
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Table 2.4: The average Bray-Cutis dissimilarities between all geographical locations for the 

destructive scrape sampling method. 

  Average abundance Contribution % Cumulative % 

Average dissimilarity = 51.75 Isle of Man Orkney     

Nemertea 1.00 4.69 3.61 3.61 

Atelecyclus rotundatus 3.50 0.00 3.39 7.00 

Caprella linearis 0.00 3.50 3.36 10.36 

Caprella mutica 0.00 3.44 3.23 13.59 

Hiatella arctica 1.50 4.06 2.56 16.15 

Stylochoplana sp. 3.50 1.00 2.46 18.62 

Parajassa pelagica 0.00 2.50 2.41 21.02 

Average dissimilarity = 52.47 Isle of Man Skye     

Amphipoda 5.00 0.44 4.80 4.80 

Atelecyclus rotundatus 3.50 0.00 3.76 8.56 

Botrylloides leachii 0.50 3.11 3.08 11.64 

Balanus crenatus 0.00 3.00 3.07 14.71 

Phyllodocidae 1.50 4.11 2.96 17.67 

Caprella mutica 0.00 2.78 2.86 20.52 

Average dissimilarity = 47.70 Orkney Skye     

Caprella linearis 3.50 2.11 3.12 3.12 

Amphipoda 3.25 0.44 3.04 6.16 

Musculus discors 3.13 0.22 2.97 9.13 

Balanus crenatus 0.00 3.00 2.96 12.09 

Caprella mutica 3.44 2.78 2.87 14.96 

Parajassa pelagica 2.50 0.00 2.55 17.51 

Botrylloides leachii 1.50 3.11 2.49 20.01 

Average dissimilarity = 48.98 Isle of Man Clyde     

Laminaria sp. 1.50 5.00 4.24 4.24 

Atelecyclus rotundatus 3.50 0.00 4.14 8.38 

Stylochoplana sp. 3.50 0.00 4.14 12.51 

Parajassa pelagica 0.00 2.50 2.94 15.45 

Sabella pavonina 2.50 0.00 2.65 18.11 

Cancer pagurus 2.00 0.00 2.54 20.65 

Average dissimilarity = 47.69 Orkney Clyde     

Caprella linearis 3.50 0.00 3.65 3.65 

Musculus discors 3.13 0.00 3.25 6.90 

Caprella mutica 3.44 1.50 3.15 10.05 

Laminaria sp. 2.38 5.00 2.79 12.84 

Parajassa pelagica 2.50 2.50 2.60 15.44 

Ramphogordius sanguineus 1.88 3.00 2.29 17.73 

Red Foliose Algae 2.19 0.00 2.23 19.96 

Hiatella arctica 4.06 2.00 2.22 22.19 

Average dissimilarity = 51.66 Skye Clyde     

Amphipoda 0.44 4.50 4.44 4.44 

Laminaria sp. 1.00 5.00 4.36 8.79 

Botrylloides leachii 3.11 0.00 3.42 12.21 

Balanus crenatus 3.00 0.00 3.12 15.33 

Phyllodocidae 4.11 1.50 2.89 18.22 

Parajassa pelagica 0.00 2.50 2.72 20.93 

Average dissimilarity = 51.19 Isle of Man Sound of Harris     

Ascidiella sp. 0.00 4.92 4.49 4.49 

Coryne examia 0.00 3.17 2.89 7.38 

Atelecyclus rotundatus. 3.50 0.58 2.73 10.11 

Terebellidae 1.50 4.00 2.58 12.68 

Stylochoplana sp. 3.50 1.00 2.32 15.00 

Sabella pavonina 2.50 1.25 2.19 17.19 

Coryphella sp. 0.00 2.42 2.13 19.33 

Caprella linearis 0.00 2.25 2.06 21.39 

Average dissimilarity = 44.60 Orkney Sound of Harris     

Terebellidae 0.44 4.00 3.39 3.39 

Ascidiella sp. 1.38 4.92 3.31 6.69 

Caprella linearis 3.50 2.25 2.83 9.53 

Caprella mutica 3.44 2.00 2.78 12.31 

Nemertea 4.69 2.00 2.60 14.91 

Parajassa pelagica 2.50 0.00 2.34 17.25 

Pomatoceros sp. 1.38 3.42 2.17 19.42 

Ophiothrix fragilis 2.13 1.75 2.03 21.46 

Average dissimilarity = 50.82 Skye Sound of Harris     

Ascidiella sp. 1.67 4.92 2.96 2.96 

Terebellidae 1.11 4.00 2.78 5.75 

Phyllodocidae 4.11 1.17 2.78 8.53 

Botrylloides leachii 3.11 0.25 2.72 11.24 

Coryne examia 0.22 3.17 2.68 13.92 

Balanus crenatus 3.00 0.00 2.63 16.55 

Sycon ciliatum 0.89 3.33 2.35 18.90 

Amphipoda 0.44 2.75 2.32 21.22 

Average dissimilarity = 48.99 Clyde Sound of Harris     

Terebellidae 0.00 4.00 3.78 3.78 

Ascidiella sp. 1.50 4.92 3.26 7.03 

Sycon ciliatum 0.00 3.33 3.16 10.19 

Musculus discors 0.00 2.75 2.58 12.78 

Ramphogordius sanguineus 3.00 1.08 2.48 15.26 

Parajassa pelagica 2.50 0.00 2.41 17.67 

Caprella linearis 0.00 2.25 2.16 19.82 

Laminaria sp. 5.00 2.83 2.11 21.94 

The species contributing most to the dissimilarities observed are shown (cut-off 20%). 
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2.3.4 Length of deployment and community composition 

The typical length of deployment for the navigation buoys prior to sampling was three years 

(39.5%) (Figure 2.10). Deployment duration varied from a minimum of one to seven years. 

Six years was the normal maximum time for buoy deployment, however, buoys had been 

deployed at the Billia Croo wave test-site in Orkney for seven years. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Duration of deployment for navigation buoys sampled in study  

 

MDS ordination illustrated that duration of deployment (>1 year to 7 years) explained very 

little of the variation in buoy community composition (Figure 2.11). A Two-way Nested 

Analysis of Similarity indicated that assemblages on buoys were not significantly different 

between groups deployed for different lengths of time ([R=-0.202, P=0.973] and [R=-0.054, 

P=0.685] for photograph analysis and destructive scrape sample analysis respectively). A 

positive trend in the species richness and duration of deployment was observed (P<0.05) 

(Figure 2.12). The estimated upper (1.80) and lower (0.18) limits for the slope did not contain 

zero which indicates that this trend was significantly positive (Random effect variables 

included buoy and geographical area) (Figure 2.12). 
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Figure 2.11: MDS ordination of buoy communities showing duration of deployment (years). A) 

Photographic samples B) Destructive scrape samples. 
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Figure 2.12: Contour trends in species richness of sample (area 0.04 m2) against: x) estimated 

flow rate (ms
-1

), y) Duration of deployment (years). A negative trend between species richness and 

estimated flow speed (ms-1) was observed (P<0.05). A positive trend in species richness and duration 

of deployment was observed (P<0.05). 
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2.3.5 Flow regime and community composition 

Of the buoys sampled (43: photographic method, 40: scrape sampling method), 32% were 

designated as being deployed in a ‘high’ flow regime (14: photographic method, 13: scrape 

sampling method) (Table 2.1). Buoys located in ‘high’ flow areas were present in each 

geographical region (Figure 2.2). A significantly negative trend in species richness and 

estimated flow speed was observed (P<0.05) (Figure 2.12). Bayesian inference was used to 

calculate the 95% credible intervals for the slope of the fixed effects. The estimated upper (-

0.25) and lower (-3.70) limits for the slope did not contain zero, which indicates that the slope 

for this trend is significantly negative (P<0.05) (Figure 2.12). A Two-way Nested Analysis of 

Similarity indicated that the assemblages on buoys were not significantly different as a result 

of being located in differing tidal flow categories within differing geographical locations 

([R=-0.172, P=0.873] and [R=0.119, P=0.175] for the photographic analysis and destructive 

scrape sample analysis respectively) (Figure 2.13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 42

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: MDS ordination of buoy communities showing geographical region and tidal flow 

category. A) Photographic samples B) Destructive scrape samples.  
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2.3.6 Comparison between photographic and destructive sampling method 

Similarity matrices computed from the photographic method and the destructive sampling 

method were well correlated (Rho=0.641, P=0.001) (RELATE analysis). This suggested that 

both methods were capable of estimating differences in community composition. However, 

the destructive scrape sample method produced more detailed information on relative 

abundance of different taxa, including non-native species (Annex 1). 

 

2.4 Discussion 

The biofouling community observed on the buoys was typical of biofouling communities 

found elsewhere in Europe (Southgate and Myers, 1985, Langhamer et al., 2009, Canning-

Clode and Wahl, 2010). A key finding of this study was the importance of the geographical 

area in explaining much of the variation in community composition on the buoys. In the 

present study, navigation buoys in the south-west of Scotland and the Isle of Man were 

dominated by Mytilus sp. This organism accounted for much of the dissimilarity observed 

between different geographical areas (photographic method). Although, individual taxa were 

not weighed, the abundance of Mytilus sp. in the Clyde and Isle of Man areas almost certainly 

accounted for the high weight of biofouling at these locations. Large-scale patterns in 

invertebrate assemblages have been observed on off-shore oil platforms and may be explained 

by larger scale oceanographic conditions, in addition to the local species pool (Rule and 

Smith, 2005, Page et al., 2008, Burrows, 2012). Major distinctions in associated species can 

exist between regions where mussels Mytilus sp., are present and where they are absent 

(Southgate and Myers, 1985, Durr and Thomason, 2010). In contrast, when analysing the 

scrape samples, mobile epifauna, namely amphipods, were the main taxa contributing to 

geographical differences in community composition. This is most likely a product of the 

greater representation of smaller fauna when using the scrape sampling method. The wider-

scale effects that these geographical differences may have on habitats associated with 

artificial structures was out with the scope of this study. Nevertheless, where mussels are the 

dominant space occupier on large structures, communities may significantly alter local 

benthic and pelagic habitats through increased grazing pressure and benthic sedimentation 

rates (Wolfson et al., 1979, Maar et al., 2009, Bulleri and Chapman, 2010).  

 

The time of year that structures are deployed and maintained may have a large impact on 

patterns of recruitment and succession (Connell and Slatyer, 1977, Underwood and Anderson, 

1994, Nandakumar, 1996, Bram et al., 2005). Although not always adhered to, the annual 

schedule for navigation buoys maintenance and replacement may have been responsible for 
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the observed differences in community composition between areas. However, a large number 

of buoys with a dissimilar community structure, deployed at the same time of year in different 

geographical locations, suggests that this is not the case. Differences in community 

composition between geographical areas may reflect larvae supply within these areas (Rule 

and Smith, 2005, Pineda et al., 2009). It may also reflect larger scale oceanographic 

conditions such as temperature, salinity and primary production (Burrows, 2012). 

Alternatively, community development could potentially find alternate states which are driven 

by the dynamics between mussel and algae recruitment explaining differences in community 

composition in different areas (Petraitis and Dudgeon, 2004).  

 

It has previously been hypothesised that the extreme flow regimes in off-shore tidal areas 

would result in communities that were shaped principally by flow (Hart and Finelli, 1999, 

Shields et al., 2011). In this study, the estimated tidal flow speeds (0.04 - 2.63 ms-1) 

experienced by the navigation buoys failed to explain the variation observed in buoy 

community composition, suggesting that ‘high’ flow (1.01 - 2.63 ms-1) may not be as 

important in structuring community composition as previously suggested. However, the 

small, yet significant reduction in species richness and community wet-weight observed with 

elevated flow supports the hypothesis that ‘high’ flow conditions may alter community 

composition perhaps for some species sensitive to elevated flow rates. Changes in species 

richness associated with hydrodynamic disturbance may occur either as a result of altered 

habitat characteristics or the influence of flow regimes on species life-history traits (Bunn and 

Arthington, 2002). As habitats created by the buoys were largely similar, the latter is most 

likely to be responsible. The nature of flow induced disturbance in this instance will be 

characterised by a similar frequency (tidal cycle), but a differing intensity (peak flow rate ms-

1) (Townsend et al., 1997). Stressful periods at peak flow may have excluded some organisms 

from buoys experiencing ‘high’ flow rates (Hart and Finelli, 1999). Conversely, the exclusion 

of some species under stressful flow regimes may generate opportunities for flow tolerant 

species benefiting from reduced competition and/or predation (Menge and Sutherland, 1987). 

The relatively small reduction in species richness at elevated flow rates may explain why flow 

category (‘High’ and ‘Low’) failed to produce larger variation in overall community 

composition. 

 

The relatively unique communities of two navigation buoys (Barr Rock and Black Rock) 

located in areas of extreme tidal flow supported the hypothesis that extreme flow regimes can 

shape the community composition on artificial structures. For example, the hydrozoan, 

Coryne eximia, a species commonly associated with ‘high’ flow environments (Picton and 
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Morrow, 2012), was the primary space holder on the Barr rock buoy. Both navigation buoys 

had abundant populations of the amphipod, Jassa sp., a species commonly found in tidally 

energetic environments (Ebling et al., 1948, Nair and Anger, 1979, Karez and Ludynia, 2003). 

Although no significant differences were detected between communities deployed in ‘high’ 

and ‘low’ flow rates, amphipod species featured strongly in those taxa contributing most to 

between group differences. Amphipods, namely, Caprella linearis, Caprella mutica, Jassa 

hermani and Parajassa pelagica were identified as key species responsible for contributing 

most to geographical differences in community composition. The high abundance of 

amphipods on these off-shore artificial structures identifies an important taxonomic group 

necessitating further analysis (see Chapter 3).  

 

Flow patterns and boundary conditions generated by complex community architecture may 

dramatically reduce hydrodynamic stresses within communities (Gambi et al., 1990, Johnson, 

2001, Madsen et al., 2001). Large canopy forming organisms such as the macroalga 

Saccharina latissima are capable of withstanding drag forces which would be typical of those 

associated with large storm waves and tidal streams (Friedrichs et al., 2000). The presence of 

such species may facilitate colonisation by organisms more susceptible to elevated flow 

(Bruno et al., 2003, Zardi et al., 2006, Burrows, 2012). In a recent study of the subtidal 

communities of Great Britain, trends in species diversity were mostly driven by those factors 

influencing the distribution of Laminaria hyperborea and not directly influenced by wave 

fetch and water flow (Burrows, 2012). In this case, the distribution of kelp species was in turn 

influenced by the relative strength of tidal flow and wave fetch, where L. hyperborea 

preferred areas of greater water movement. The presence or absence of such key species may 

have a disproportionate influence on community composition and their presence may 

moderate the outcome of species specific flow preferences (Hart and Finelli, 1999). 

 

Alternative explanations for the apparent similarity between communities’ resident on 

navigation buoys in ‘high’ and ‘low’ flow areas are that these unique habitats largely lack 

other important flow dependent agents known to shape community composition. For example, 

sedimentation rates in benthic environments are important community drivers and are largely 

dependent on local hydrodynamics (Madsen et al., 2001). Within the navigation buoy 

communities studied here, the relative absence of agents, such as the accumulation of 

sediment, disturbance caused by rock scour and/or the restriction of some benthic predators 

may result in an entirely different response to varying degrees of hydrodynamic stress 

(Burrows, 2012).  
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It was hypothesised that the community composition of the buoys may be dependent on the 

duration of deployment, as the role of biological succession is central when describing 

biological communities (Connell and Slatyer, 1977). However, with the exception of the 

observed modest increased species richness with duration of deployment, there was no overall 

difference between communities on navigation buoys which had been deployed for different 

periods of time. One possible explanation may be that these artificial structures received high 

levels of disturbance, arresting community succession (Terlizzi et al., 2000). This may have 

been caused by artificial means during annual maintenance procedures, which entail the 

emersion of the buoy for approximately 1 hour. Care was taken to sample areas of the buoy 

that would be subject to minimal anthropogenic disturbance; however, the disturbance of 

some buoys during maintenance cannot be ruled out completely. In any case marine 

renewable energy structures will likely be exposed to similar degrees of human disturbance 

and community composition may develop by a similar means.  

 

An alternative explanation of this observed phenomenon was that communities are largely 

saturated within the first year’s deployment. Rapid colonisation has been observed on many 

artificial structures over short time-frames (Anderson and Underwood, 1994, Chapman and 

Clynick, 2006, Wilhelmsson and Malm, 2008, Andersson et al., 2009, Langhamer et al., 

2009). Succession on artificial structures can follow a pattern of development where 

assemblage compositions converge over time, even with different starting scenarios (Bulleri, 

2005, Underwood and Chapman, 2006). The navigation buoys sampled in this study were 

deployed for a minimum of one year. The results of this study suggested that space is 

occupied quickly, within the first year of deployment, and variation in disturbance regimes, 

species interactions, and recruitment processes may have been responsible for the observed 

small role that deployment time played in structuring community composition. 

 

The development of complex biofouling communities on renewable energy devices will 

increase both static and hydrodynamic loadings considerably (Theophanatos and Wolfram, 

1989). Performance and survivability of the device will have to be designed to withstand any 

extra loading forces, as well as accelerated corrosion generated by the fouling community 

(Mueller and Wallace, 2008). For some devices, such as wave devices, biofouling has been 

demonstrated not to cause significant effects on the functioning of the device (Langhamer et 

al., 2009). However, the effect of biofouling on corrosion rates and sensitive mechanical 

parts, including moving parts and cooling systems, must be considered (Durr and Thomason, 

2010). Tidal devices are particularly exposed to engineering challenges resulting from 

biofouling and increased hydrodynamic loading (Theophanatos and Wolfram, 1989). This 
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study highlighted the extent of this concern, as it focussed on areas within, or directly 

adjacent to, those currently under development and demonstrated that the biofouling 

communities that could potentially colonise these devices would be relatively diverse and 

complex. In addition, many taxa such as Laminaria sp. and Mytilus sp. are large enough to 

cause significant alteration of the hydrodynamic forces exerted on such structures and this 

would need factoring in to the design. 

 

The method of collecting information on biofouling community composition is an important 

consideration (Butler et al., 2010). Methods chosen will depend on the parameter(s) of the 

biofouling community to be investigated, as well as the practical and financial limitations 

imposed (Butler et al., 2010). Settlement panels used in many studies to investigate biofouling 

(Bram et al., 2005, Page et al., 2006), were less appropriate in this case, as it was impractical 

to deploy them on the navigation bouys for equivalent times (up to 25 years) to those planned 

for renewable energy devices (Mueller and Wallace, 2008). Furthermore, biocidal and non-

biocidal antifouling technologies have an expected lifetime, normally of 3-5 years (Finnie and 

Williams, 2010). Unless costly servicing takes place regularly these coatings will be poorly 

equipped to deal with the long submersion periods of these devices, hence, community 

succession will follow similar processes to those occurring on any hard substrata (Jenkins and 

Martins, 2010). Therefore, it is reasonable to advocate that biofouling studies must draw 

comparisons from communities developed over as long a period of time as is practically 

possible when trying to estimate the types of community that will develop on marine 

renewable devices.  

 

Two methods were employed in this study, each with their benefits and drawbacks. For this 

survey to be feasible, maintenance work was on-going during sampling. This meant that 

sampling had to be quick and easy. Interestingly, none of the methods employed on-board the 

ship required any detailed technical training, which allows us to discuss their merits with 

reference to future surveillance and monitoring programs for the renewable energy industry.  

 

The photographic method, allowed for information to be gathered quickly and easily (<20 

min.). Work-up time was relatively short for this method allowing good replication in a short 

space of time. Methods for quantifying percentage cover of marine biofouling communities 

have been compared and their appropriate use depends on the specific requirements of the 

study (Butler et al., 2010). The principal drawback to the photographic method was the 

difficulty in increasing the taxonomic resolution (Drummond and Connell, 2005, Butler et al., 

2010). The nature of this method meant that small animals, in particular amphipods and 
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polychaetes, were poorly represented. Furthermore, individuals were often under other taxa 

and not really observable using this method. This is of particular concern when monitoring 

the spread of non-native species.  

 

The destructive scrape sampling method allowed material to be collected quickly and 

relatively easily on-board during normal operations. However, considerable time, 

approximately two orders of magnitude more than the photographic method, was required to 

process each sample. This yielded detailed information on the species composition and 

relative abundance. RELATE analysis demonstrated that similarity matrices computed from 

the photographic method and the destructive sampling method were correlated well, which 

suggested that both methods were appropriate for estimating differences in community 

composition. So, if producing an overview of community composition is the principal goal of 

monitoring strategies, then a photographic method would be most appropriate. However, if 

more detailed taxonomic resolution, (i.e., for NNS identification) is required then scrape 

samples and a detailed taxonomic knowledge and training are necessary.  

 

For developers, the colonisation of devices is an important engineering and economic concern 

as many species may cause increased hydrodynamic loading, reduced performance and 

mechanical disruption of protective coatings (Durr and Thomason, 2010). Moreover, new 

legislation, Wildlife And Natural Environment (Scotland) Act, (The Scottish Government 

2011b) allows government bodies to put pressure on developers to create monitoring systems 

to control the spread and report the occurrence of invasive non-native species. This legislation 

also includes the power to make species control orders. It is therefore in the interest of 

developers, and government bodies, to have suitable monitoring systems for biofouling 

communities.  

 

The primary advantage of using navigation buoys to study biofouling community structure 

across wide environmental gradients is that they occur in relatively large numbers and they 

generally follow a standardised design similar to future MREDs. This study demonstrated the 

potential for using off-shore navigation buoys to study biofouling communities in tidal areas 

as in most cases they were the only artificial structures deployed in these energetic 

environments prior to widespread deployment of renewable energy devices. Community 

composition on navigation buoys suggests diverse and architecturally complex communities 

will be typical of renewable energy devices deployed in relatively shallow, coastal tidal 

waters in Scotland. Duration of deployment at longer time scales was insignificant in 

determining the characteristics of communities present. Whereas, geographical area had a 
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large impact on the types of community present and therefore the associated impacts that 

resident communities have, on both the performance of the device and its interaction with 

surrounding habitats. These results should be given further consideration as the industry 

continues to grow.   
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________________________________________________Chapter 3 

The prevalence of non-native species on off-shore artificial 

structures: predicting non-native and native amphipod presence 

3.1 Introduction      

One of the most significant current issues in the development of the marine environment is 

the spread of Non-Native Species (NNS) and their potential negative interactions with their 

recipient communities (Mack et al., 2000, Levin et al., 2002, Davis, 2003). Human pressure 

for marine resources has resulted in the increased urbanisation of the marine environment 

(Bulleri and Chapman, 2010, Mineur et al., 2012). Artificial structures, including those likely 

to be created by the large-scale addition of MREDs, can support large numbers of NNS (Page 

et al., 2006, Brodin and Andersson, 2009, Kerckhof et al., 2011). In the most simple form, 

structures supporting communities containing NNS may function as artificial islands, 

facilitating the spread of non-natives by providing refugia, particularly in those areas 

dominated by soft sediment and/or exposed environments (Bulleri and Airoldi, 2005, Sheehy 

and Vik, 2010). However, differences in habitat characteristics on artificial structures can 

have considerable implications for how these novel habitats and resulting communities may 

encourage the propagation of NNS (Bulleri and Chapman, 2010, Mineur et al., 2012). For 

example, floating artificial structures, such as marinas, have been observed to harbour greater 

numbers of NNS than artificial structures fixed firmly to the seabed (Glasby et al., 2007, 

Dafforn et al., 2009).  

 

There is increasing recognition that once a NNS has been successfully introduced to an area, 

it is highly unlikely that this process can be reversed (Ricciardi and Rasmussen, 1998, Kolar 

and Lodge, 2001). This has motivated ecologists to predict suitable habitats and forecast 

movements for many introduced species (Kolar and Lodge, 2001, Townsend, 2003, Herborg 

et al., 2007). Efficient management of the urbanised marine environment will benefit greatly 

from an ability to predict which artificial structures present the greatest risk of aiding the 

spread of NNS.  

 

Environmental niche models have been used to predict which recipient environments are 

suitable for an invading species (Herborg et al., 2007). However, this approach fails to 

account fully for the complex biotic interactions responsible for native community resistance 

to invasion (Bruno et al., 2005, Herborg et al., 2007). For example, resource pre-emption by 

native species can generate invasion resistance among resident communities (Stachowicz et 



 51

al., 1999, Naeem et al., 2000, Prieur-Richard and Lavorel, 2000). Conversely, positive 

interactions between a NNS and the recipient community may facilitate greater recruitment 

success under some conditions (Simberloff and Holle, 1999, Bruno et al., 2005, Rius and 

McQuaid, 2009). The principal biotic mechanisms that produce community resistance to 

invasion have been difficult to determine (Stachowicz and Byrnes, 2006). Simplification of 

complex biotic interactions may be achieved by partitioning species resident within the 

recipient community into Functional groups (Symstad, 2000, Arenas et al., 2006, Britton-

Simmons, 2006). In this case, taxa are grouped where they possess similar mechanisms for 

invader prevention and/or support. For example, in a community of marine algae, resistance 

to invasion was determined by the pre-emption of two key resources by two different 

Functional groups of algae (Britton-Simmons, 2006). Identifying Functional groups 

responsible for determining invasion resistance may produce key insights into the processes 

underlying the success of NNS introductions on off-shore artificial structures. This 

information may be used along with the physical characteristics prevailing on an off-shore 

structure to determine the likelihood that the structure will harbour a given NNS. 

 

Studying the community on floating buoy-like structures can yield information on the location 

and relative abundance of many NNS, as these structures are easily accessible, are widespread 

throughout the coastal marine environment and are typically associated with anthropogenic 

activities which aid the spread of NNS (Bushek and Boyd, 2006, Ashton et al., 2007b, Mineur 

et al., 2012). Chapter 2 investigated the typical communities on floating off-shore structures 

and related their community structure to the geographical region, duration of deployment and 

tidal flow. In this chapter, off-shore navigation buoys were used as a proxy for investigating 

the presence of NNS, which are likely to inhabit off-shore renewable energy structures in a 

range of geographical locations. Sampling navigation buoys from a range of tidal flow 

regimes also allowed for the full extent of hydrodynamic conditions typical of renewable 

energy device deployment to be included. This is important as the local fluid environment 

prevailing on any artificial structure can have far reaching effects on the life history of the 

fouling organisms, including NNS (Vogel, 1994, Denny et al., 1998, Hart and Finelli, 1999, 

Coutts et al., 2010, Murray et al., 2012).  

 

An important finding in Chapter 2 was the prevalence of amphipods belonging to the family 

Ischyroceridae and Caprellidae. Many of these amphipods are important secondary and 

tertiary producers in marine ecosystems (Guerra-García, 2001, Page et al., 2007, Woods, 

2009, Reubens et al., 2012). Of the amphipods present, the non-native amphipod, Caprella 

mutica, was abundant and widespread on the navigation buoys surveyed. The selection of 



 52

navigation buoys from a range of tidal regimes, deployment lengths and a large geographical 

extent provided an important opportunity to investigate how the physical and biological 

characteristics of off-shore structures affected the probability that this non-native amphipod 

would be present. Furthermore, information regarding the likely community composition of 

artificial structures (see Chapter 2) can also be used to better predict the capacity for resident 

communities to produce local ecosystem services, even when those resident communities are 

highly invaded. For example, evidence from previous studies concerned with non-native 

amphipods on large artificial structures, such as off-shore oil platforms and wind farms, 

suggest that the considerable presence of these amphipods served as a valuable resource for 

associated predatory fish species (Page et al., 2007, Woods, 2009, Reubens et al., 2012). 

Therefore in this study, the probability that other native amphipod species were present was 

also investigated using environmental and biological data allowing comparisons to be made 

with C. mutica. 

 

Navigation buoys sampled (Chapter 2) were located across a comparable range of tidal flow 

regimes to renewable energy structures. Detailed information regarding the biofouling 

community composition was used to determine the location and relative abundance of NNS in 

a range of geographical locations. These were then compared to existing data sets for the 

known locations of NNS. The abundance and location of four amphipod species, which were 

identified as a key taxonomic group in Chapter 2, were investigated in more detail.  The 

principal hypotheses tested in this chapter are:  

 

• H0: The physical parameters (estimated tidal flow rate and duration of deployment) 

have no effect on the probability that the non-native amphipod, Caprella mutica, was 

present on navigation buoys. 

 

• H0: The biological parameters (resident community species richness, abundance of 

ecologically similar amphipod species, and the percentage cover of Functional groups) 

have no effect on the probability that Caprella mutica was present on navigation 

buoys. 

 

• H0: The responses of both native and non-native amphipods to physical and biological 

parameters are the same.  
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3.2 Methods 

3.2.1 Mapping non-native species on navigation buoys 

A network of off-shore navigation buoys were sampled using  photographic and destructive 

scrape sampling methods (see Chapter 2). A minimum of three scrape samples were taken 

from each navigation buoy and organisms identified to lowest taxonomic level possible 

(Hayward and Ryland, 1990) (see Chapter 2). The abundance of non-native and native species 

was estimated from a destructive scrape sample (0.04 m2). Material was sorted and 

individuals belonging to each taxon counted. Where large numbers of individuals occurred, 

subsampling allowed for their abundance to be estimated. This was achieved by separating the 

sample into six homogenous samples on a large sorting tray and counting the number of 

individuals in one sample then adjusting the estimate accordingly. A total of 40 navigation 

buoys from four geographical areas were used in this analysis (Figure 3.1). The location and 

abundance of identified non-native species were plotted using the Geographical Information 

Systems (GIS) software (ArchGIS Esri). This was then compared with published information 

on the previous recorded locations for each NNS. This dataset is a collection of all known 

reports of marine NNS in Scotland to date (time of compilation: February 2012). It was 

synthesised by Chris Nall (Chris.Nall@uhi.ac.uk) from a variety of sources including 

published literature, the publically accessible database, NBN Gateway, and unpublished 

records from the Scottish Association for Marine Science. The location and abundance of 

abundant amphipod species was mapped using the GIS software (ArchGIS Esri). This was 

done to investigate geographical patterns in amphipod presence. 
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Figure 3.1: The geographic location of navigation buoys surveyed for non-native species in 

partnership with the Northern Lighthouse Board. Navigation buoys occupied a range of tidal 

exposures and the majority were adjacent to proposed future renewable energy developments (Harrald 

et al., 2010). 

3.2.2 Predicting amphipod presence using physical features 

As all amphipods, including the non-native amphipod Caprella mutica, were widespread 

throughout the areas surveyed. It was assumed that the probability that any amphipod could 

establish itself on a navigation buoy would be similar for each buoy at every location. The 

estimated prevailing tidal flow (ms-1) around each navigation buoy (see Chapter 2) and the 

length of deployment was used to predict the probability of encountering key amphipod 

species on a particular buoy. For this analysis, samples from the Billa Croo site (Orkney) 

were omitted due to potential ambiguities introduced by wave-driven flow at this site (see 

Chapter 2). 

3.2.3 Predicting amphipod presence using biological features 

Biological features of communities included species richness, abundance of other key 

amphipod species and the cumulative percentage cover of Functional groups. Species richness 

was the total number of taxa identified from the scrape samples. Photographs (n= 157) taken 

prior to the removal of scrape samples were used to calculate the percentage area cover of 

taxa using the programme Vidana 1.0 (download at http://projects.exeter.ac.uk/msel/vidana, 
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31/01/2011). Functional group partitioning was based on amphipod habitat selection, which is 

partly driven by preference for a particular structure type (Norderhaug, 2004, Shucksmith, 

2007). For example, the non-native amphipod C. mutica, showed a preference for filamentous 

structures over smooth hard structures as they provided suitable attachment for their 

pereopods (Shucksmith, 2007). Based on previous knowledge of amphipod recruitment 

(Norderhaug, 2004, Shucksmith, 2007), the percentage covers (photographic samples) of 

Functionally different taxa were grouped together to produce 4 Functional groups (Arenas et 

al., 2006, Britton-Simmons, 2006). These were smooth structures (Functional group 1), short 

complex structures (Functional group 2), long complex structures (Functional group 3), and 

flexible canopy and sub-canopy forming structures (Functional group 4) (Table 3.1). Taxa 

were grouped according to their potential mechanisms by which they may physically 

influence recruitment of amphipods. Flexible canopy and sub-canopy forming structures, 

which principally contained the algae taxa was the most diverse group.  

 

 

 

 

Table 3.1: Functional group partitioning for Caprella mutica based on the provision of 

attachment options and shelter creation.  

Functional 

group 
Structure Type 

Examples of principal 

taxa 

Attachment 

options 

Shelter 

creation 

1 Smooth structure 

Mytilus sp. 

- - Anomia ephippium 

Tunicates 

2 
Short complex 

structure 

Encrusting Bryozoans 

+ - Sponges 

Barnacles 

3 
Long complex 

structure 

Hydrozoans 
+ + 

Erect Bryozoans 

4 

Flexible canopy 
and sub-canopy 

forming 
structures 

Cryptopleura ramosa 

+/- ++ Lomentaria sp. 

Laminaria sp. 

Percentage cover (photographic samples) of each Functional group was summed for each replicate 

sample. Potential positive (+) and negative (-) interactions with Caprella mutica recruitment. 
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3.2.4 Statistical analysis 

To analyse which covariates (biological and/or physical features) influenced the probability 

that an amphipod species was present, a generalized linear mixed model was run (R 

Development Core Team, 2012). The model included species richness, estimated flow-speed, 

deployment length, estimated abundance of other amphipods and the percentage cover of 

Functional groups as the predictors. No interaction was included as this was the most 

parsimonious method to determine which covariates influenced the probability that an 

amphipod species would be present (Zuur et al., 2009). Data were fitted to a mixed-effect 

model using both geographical area (categorical) and buoy (continuous) as random effect 

variables as this accounted for pseudo-replication of samples taken from each buoy, and 

correlation between buoys from the same geographical area (Zuur et al., 2009). The random 

effect variable ‘geographical area’ was later removed during model optimisation. The general 

form of the model was:  

 

� = ������ = 	
 + 	�	�� + �� 

 

where β0 is the intercept, βn and Xn are the effects of the covariates, and ρi is the random 

effect defined as ρi ~ N(0, σ2). Probability of amphipod presence can be calculated by 

�����ℎ����	��������� = ��/�1 + ��� (Bolker et al., 2009). All available fixed effect 

explanatory variables were added to the original model. Model fit and selection was made 

possible by using Akaike Information Criterion (AIC) and Bayesian Information Criterion 

(BIC) (Bolker et al., 2009, Zuur et al., 2009). The final model was fitted by the Laplace 

approximation method (Bolker et al., 2009).  

 

Model validation included checking a histogram of Cook's distances for influential data points 

and comparing calculated leverage threshold and estimated model leverage (Bolker et al., 

2009). Variance inflation factors were calculated to check for co-linearity between the 

predictor variables (Quinn and Keough, 2002), and none of these indicated obvious influential 

cases or outliers. Bayesian inference was used to calculate 95% credible intervals of the 

estimated slope (R Development Core Team, 2012).  

 

 



 57

3.3 Results 

3.3.1 Mapping non-natives on navigation buoys 

A total of five NNS were identified on 24 of the 40 navigation buoys sampled. The non-native 

amphipod Caprella mutica was observed on 22 navigation buoys sampled. Caprella mutica 

was widespread in the Sound of Harris, Orkney, Skye, Clyde and Isle of Man areas (Figures 

3.2 and 3.3). The orange-tipped sea squirt Corella eumyota was observed on one buoy in the 

Sound of Harris area. The Australasian barnacle Austrominius modestus was observed on one 

buoy in the Isle of Man area. The macroalgae Codium fragile subsp. fragile was observed on 

one buoy in the Skye area and Heterosiphonia japonica occupied two buoys in the Sound of 

Harris area. The locations of all NNS, with the exception of C. eumyota, were located in a 

similar geographical range to that observed during previous surveys (Figure 3.2 and 3.3). 
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Figure 3.2: The recorded presence of non-

native invertebrates on navigation buoys 

with distance to previous recorded locations.  

Data regarding the presence of NNS were 

compiled by Chris Nall (Environmental 

Research Institute, March, 2012).  
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3.3.2 Mapping native and non-native amphipod abundance 

The non-native amphipod Caprella mutica, was widespread and abundant in the Skye, 

Orkney and Sound of Harris navigation buoys (Figure 3.4). Caprella mutica was less 

abundant on the navigation buoys in the Clyde and absent on navigation buoys around the Isle 

of Man. The ecologically similar native amphipod, Caprella linearis, was widespread in all 

four geographic areas and co-inhabited some buoys with C. mutica (Figure 3.4). C. linearis 

also occupied many of the buoys deployed in the elevated tidal flow areas, such as the Mull of 

Kintyre, Sound of Hoy, Kyle of Lochalsh and the Sound of Harris. Moreover, C. linearis was 

highly abundant at the Billia croo site in Orkney, an area used to test wave energy devices and 

an area that is likely to be affected by wave generated water flow. It was noted that the tube 

dwelling amphipod, Jassa herdmani, was widespread and abundant in all geographical 

regions (Figure 3.4). However, the ecologically similar species, Parajassa pelagica, was less 

prevalent, but was observed in samples from all four areas and tended to be associated with 

greater water movement (Figure 3.4). 

 

 

Figure 3.3: The recorded presence of non-native algae on navigation buoys with distance to 

previous recorded locations. Data regarding the presence of NNS were compiled by Chris Nall 

(Environmental Research Institute, March, 2012).  



 60

 

Figure 3.4: The location and abundance of key amphipod species, Caprella mutica, Caprella 

linearis, Jassa herdmani and Parajassa pelagica. Circle (green) indicates the Billia Croo wave test 

site. 
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3.3.3 Predicting non-native amphipod presence – Caprella mutica 

The abundance of J. herdmani, and P. pelagica, had no significant effect on the probability of 

encountering C. mutica (P=0.7819 and 0.4770 respectively). Model improvements were made 

by reducing the number of fixed effects. The final model for predicting C. mutica presence 

included: buoy as a random effect, with species richness, estimated flow speed (ms-1), 

deployment length (years), estimated abundance of C. linearis and the percentage cover of 

Functional groups as fixed effect variables (Tables 3.2 and 3.3).  

 

The probability of finding C. mutica within the fouling community was significantly reduced 

with increased flow (P=0.006) (Table 3.2). The 95% confidence intervals associated with the 

slope of this relationship were -5.76 and -0.70 (Table 3.3). The percentage cover of 

Functional group 1 (smooth structure), Functional group 2 (short complex structure) and 

Functional group 3 (long complex structure) significantly reduced the probability of finding 

C. mutica within the fouling community (P=0.017, 0.018 and 0.015 respectively) (Table 3.2). 

The 95% confidence intervals associated with the slope of these relationships were 

comparatively small (Table 3.3). Species richness, deployment length, abundance of Caprella 

linearis and coverage of Functional group 4 (flexible canopy and sub-canopy forming 

structures) had no effect on finding C. mutica within the fouling community (P=0.206, 0.367, 

0.365 and 0.628 respectively) (Table 3.2).  

 

Table 3.2: The summary of the primary model output for estimating the probability of resident 

C. mutica (glmer model).  

Fixed effects Slope  
Standard 

Error 

P 

value 

Significance 

level 

(Intercept) 1.733 2.640 0.512  
Species Richness 0.083 0.066 0.206 

 
Estimated flow speed (ms-1) -3.280 1.263 0.009 ** 

Deployment length (years) 0.477 0.529 0.367  
Caprella linearis abundance -0.002 0.003 0.365 

 
Functional group 1 -0.043 0.018 0.017 * 
Functional group 2 -0.074 0.031 0.018 * 
Functional group 3 -0.123 0.051 0.015 * 
Functional group 4 0.008 0.016 0.628   

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 
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Table 3.3: Examination of confidence intervals associated with the slope of the fixed variables.  

Fixed effects Slope 5% 95% 

Species Richness 0.08 -0.04 0.20 

Estimated flow speed (ms-1) -3.26 -5.76 -0.70 

Deployment length (years) 0.48 -0.57 1.52 
Caprella linearis abundance 0.00 -0.01 0.01 
Functional group 1 -0.04 -0.08 -0.01 
Functional group 2 -0.07 -0.13 -0.01 
Functional group 3 -0.12 -0.22 -0.03 
Functional group 4 0.01 -0.02 0.04 

For estimated flow speed, Functional group 1, Functional group 2 and Functional group 3 estimates 

for β1 and β2 do not contain zero. 

3.3.4 Predicting native amphipod presence 

The abundance of J. herdmani and P. pelagica had no significant effect on the probability of 

encountering C. linearis (P=0.421 and 0.591 respectively). Model improvements were made 

by reducing the number of fixed effects. The final model included: buoy as a random effect, 

with species richness, estimated flow speed (ms-1), deployment length (years), estimated 

abundance of C. mutica and Functional groups (% cover) as fixed effect variables (Tables 3.4 

and 3.5).  

 

The probability of encountering a navigation buoy with C. linearis resident within the fouling 

community increased significantly with increased species richness and increased deployment 

time (P=0.008 and 0.009, respectively) (Figure 3.4). The 95% confidence intervals associated 

with the slopes of these relationships were (0.06 and 0.36) and (0.18 and 1.89) respectively 

(Table 3.5). The probability of the presence of C. linearis significantly decreased with 

increased abundance of C. mutica (P=0.012) (Figure 3.6). The 95% confidence intervals 

associated with the slope of this relationship were -0.02 and -0.01 (Table 3.5). The percentage 

cover of Functional group 1 (smooth structure), Functional group 2 (short complex structure), 

Functional group 3 (long complex structure), and Functional group 4 (flexible canopy and 

sub-canopy forming structures) had no significant effect on the probability of finding C. 

linearis on navigation buoys (P=0.217, 0.778, 0.145 and 0.425 respectively).  
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Table 3.4: The summary of the primary model output for estimating the probability of resident 

C. linearis (glmer).  

Fixed effects Slope   
Standard 

Error 

P 

value 

Significance 

level 

(Intercept) -8.282 2.588 0.001 ** 

Species Richness 0.206 0.077 0.008 ** 

Estimated flow speed (ms-1) -0.155 0.767 0.840 
 

Deployment length (years) 1.070 0.412 0.009 ** 

Caprella mutica abundance -0.013 0.005 0.012 * 
Functional group 1 -0.021 0.017 0.217 

 
Functional group 2 -0.008 0.027 0.778 

 
Functional group 3 -0.052 0.036 0.145 

 
Functional group 4 0.011 0.014 0.425   

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 

 

Table 3.5: Examination of confidence intervals associated with the slope of fixed variables.  

Fixed effects Slope 5% 95% 

Species Richness 0.21 0.06 0.36 

Estimated flow speed (ms-1) -0.11 -1.61 1.37 

Deployment length (years) 1.07 0.18 1.89 
Caprella mutica abundance -0.01 -0.02 -0.01 
Functional group 1 -0.02 -0.05 0.01 
Functional group 2 -0.01 -0.06 0.05 
Functional group 3 -0.05 -0.12 0.02 
Functional group 4 0.01 -0.02 0.04 

For species richness, deployment length and C. mutica abundance estimates for β1 and β2 do not 

contain zero. 

 

The abundance of C. mutica, and C. linearis, had no significant effect on the probability of 

encountering J. herdmani (P=0.6025 and 0.2509 respectively). Model improvements were 

made by reducing the number of fixed effects. The final model included: buoy as a random 

effect, with species richness, estimated flow speed (ms-1), deployment length (years), 

estimated abundance of P. pelagica and Functional groups (% cover) as fixed effect variables 

(Tables 3.6 and 3.7). 

 

The probability of encountering navigation buoys with J. herdmani resident within the fouling 

community increased significantly with increased species richness and increased flow speed 

(P=0.013 and 0.032 respectively) (Table 3.6). The 95% confidence intervals associated with 

the slopes of these relationships were (0.05 and 0.37) and (0.18 and 3.39) respectively (Table 

3.7). The probability of the presence of J. herdmani significantly decreased with increased 
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deployment time and increased abundance of P. pelagica (P=0.009 and 0.014 respectively). 

The 95% confidence intervals associated with the slope of this relationship were (-1.48 and -

0.20) and (-0.02 and -0.01) respectively (Table 3.7). An increased percentage coverage of 

Functional group 3 (long complex structure) resulted in a reduced probability of encountering 

J. herdmani (P=0.033) (Table 3.6). The 95% confidence intervals associated with the slope of 

this relationship were -0.12 and -0.01 (Table 3.7). The percentage cover of Functional group 1 

(smooth structure), Functional group 2 (short complex structure), and Functional group 4 

(flexible canopy and sub-canopy forming structures) had no significant effect on the 

probability of finding J. herdmani on navigation buoys (P=0.381, 0.126, 0.103 respectively).  

 

Table 3.6: The summary of the primary model output for estimating the probability of resident 

J. herdmani (glmer).  

Fixed effects  Slope  
Standard 

Error 

P 

value 

Significance 

level 

(Intercept) 1.646 2.309 0.476 
 

Species Richness 0.205 0.083 0.013 * 

Estimated flow speed (ms-1) 1.770 0.825 0.032 * 

Deployment length (years) -0.859 0.330 0.009 ** 
Parajassa pelagica abundance -0.009 0.004 0.014 * 
Functional group 1 -0.015 0.017 0.381 

 
Functional group 2 -0.032 0.021 0.126 

 
Functional group 3 -0.064 0.030 0.033 * 
Functional group 4 -0.023 0.014 0.103   
Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 

 

Table 3.7: Examination of confidence intervals associated with the slope of fixed variables.  

Fixed effects Slope 5% 95% 

Species Richness 0.21 0.05 0.37 

Estimated flow speed (ms-1) 1.76 0.18 3.39 

Deployment length (years) -0.87 -1.48 -0.20 
Parajassa pelagica abundance -0.01 -0.02 -0.01 
Functional group 1 -0.02 -0.05 0.02 
Functional group 2 -0.03 -0.07 0.01 
Functional group 3 -0.06 -0.12 -0.01 
Functional group 4 -0.02 -0.05 0.01 

For species richness, estimated flow rate, deployment length, Parajassa pelagica abundance and 

Functional group 3 estimates for β1 and β2 do not contain zero. 



 65

3.3.5 A comparison of the response to biological and physical parameters between Caprella 

mutica and native amphipod species 

Species richness was associated with a greater probability of J. herdmani and C. linearis 

being present on navigation buoys, but not C. mutica (Figure 3.8). Elevated water flow was 

associated with a reduced probability of finding C. mutica (Figure 3.8A). A similar trend was 

not observed for C. linearis (Figure 3.8B) and was reversed for J. herdmani (Figure 3.8C). 

The probability of encountering the non-native amphipod, C. mutica, was not affected by an 

increased abundance of the ecologically similar species C. linearis or Jassa herdmani (Figure 

3.9A). However, the probability of finding C. linearis and J. herdmani was reduced by the 

increase in abundance of ecologically similar species (C. mutica and P. pelagica respectively) 

(Figure 3.9B and 3.9C). Longer deployment duration was associated with a greater 

probability of presence for J. herdmani and C. linearis, but not C. mutica (Figure 3.9). With 

the exception of Functional group 4, greater percentage coverage of Functional groups 

reduced the probability of resident C. mutica (Figure 3.10A and 3.11A). Conversely, with the 

exception of Functional group 3 affecting the probability of finding J. herdmani, the 

remaining groups did not influence the probability that buoys would harbour either C. linearis 

or J. hermani (Figure 3.10 and 3.11). When compared to both C. mutica and C. linearis, the 

presence of J. herdmani appeared less constrained by the biological and physical parameters 

used in the final analysis (Figures 3.8, 3.9, 3.10 and 3.11). 
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Figure 3.5: A probability contour plot for amphipod presence against species richness and 

estimated flow rate. X-axis - estimated flow speed (ms-1), y-axis - species richness. High probability 

(pink), low probability (blue). * represents a significant trend (P<0.05).  
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Figure 3.6: A probability contour plot for amphipod presence against the abundance of 

ecologically similar species and the deployment length of navigation buoys. x-axis - Deployment 

length (years), y-axis - Abundance of conspecifics (individuals/m2). High probability (pink), low 

probability (blue). (*) represents a significant trend  (P<0.05). 
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Figure 3.7: A probability contour plot for amphipod presence against percentage cover of 

Functional group 1 (smooth structures) and Functional group 2 (short complex structures). High 

probability (pink), low probability (blue). (*) represents a significant trend (P<0.05). 
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Figure 3.8: A probability contour plot for amphipod presence against percentage cover of Functional 

group 3 (long complex structures) and Functional group 4 (flexible canopy and sub-canopy forming 

structures). High probability (pink), low probability (blue). (*) represents a significant trend (P<0.05). 
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3.4 Discussion 

This study confirmed that the presence of off-shore floating structures, adjacent to, or in, 

areas currently under development for the production of marine renewable energy will 

provide a suitable habitat for a variety of NNS. This study is the first of its kind conducted in 

Scottish waters and as a result highlights the potential risk that off-shore renewable energy 

devices could act as refugia for NNS. Previous assessment of artificial structures in Scotland 

have demonstrated that marina and/or port environments provide favourable refuges for NNS 

(Ashton et al., 2006).  Navigation buoys possess similar novel environmental traits to pontoon 

habitats (e.g., substrate orientation and floating nature) and pontoons have been identified as 

capable of increasing the prevalence of NNS (Glasby et al., 2007, Dafforn et al., 2009). The 

non-native amphipod, C. mutica, was widely abundant throughout all areas surveyed and this 

clearly identified a NNS of particular importance within a marine renewable energy context. 

The relatively low abundances of: Corella eumyota, Austrominius modestus, Heterosiphonia 

japonica and Codium fragile subsp. fragile suggested these species currently play a minor 

role in the community composition on navigation buoys in Scotland. The geographical 

locations of NNS were situated in a similar geographical range to that observed during 

previous shore based observations.  

 

The high prevalence of C. mutica on navigation buoys identified this NNS as of particular 

relevance to the marine renewable energy industry. Once established, C. mutica may 

aggressively displace native caprellid amphipod species (Shucksmith et al., 2009). 

Conversely, dietary studies have demonstrated that non-native amphipods, including C. 

mutica, can provide an important food source for surrounding fish species (Hueckel and 

Buckley, 1987, Page et al., 2007, Woods, 2009, Reubens et al., 2012). Heavily invaded 

structures may therefore provide important opportunities for associated fish populations. It 

has been suggested that the creation of habitats by MREDs may function as ‘artificial reefs’ 

having a positive impact on the local ecosystem (Hower and Ieee, 1998, Gill, 2005). Central 

to this argument is that these structures must support communities which provide services to 

surrounding target species such as increased feeding opportunities and/or efficiency (Svane 

and Petersen, 2001). Even where observed fouling assemblages are likely to depart from 

natural hard epibenthic assemblages (Glasby, 1999, Martin et al., 2005, Wilhelmsson and 

Malm, 2008), these unique communities may have far reaching positive effects for associated 

fish species (Hueckel and Buckley, 1987, Page et al., 2007, Woods, 2009, Reubens et al., 

2012). More in depth studies are needed to assess the importance of this group to higher 

trophic levels in the context of marine renewable energy development. 
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3.4.1 Predicting Caprella mutica presence using abiotic and biotic factors 

In addition to the activities associated with the marine renewable energy industry, for 

example, moving devices from one location to another, invaded structures will increase the 

dispersal potential of C. mutica (Ashton, 2006, Frey et al., 2009). Assuming all amphipod 

species had equal opportunities to establish themselves on the navigation buoys studied, 

environmental and biological factors were used to predict the probability that the non-native 

amphipod Caprella mutica would be present. Other abundant and widespread native 

amphipods (C. linearis and J. herdmani) were subjected to similar analysis in order to make 

comparisons. 

 

At small scales, species richness may result in reduced invasion success in some cases 

(Levine, 2000, Shea and Chesson, 2002). However, at larger geographical scales species 

richness can be positively correlated with NNS richness, as the extrinsic factors which 

promote native species richness also promote NNS (Fridley et al., 2004). The probability of 

the presence of C. mutica was unaffected by the species richness of biofouling communities 

suggesting that the number of species present does not affect C. mutica establishment. 

Shucksmith (2007) also showed that increased species richness had no effect on C. mutica 

recruitment to kelp communities. Conversely, both native amphipod species exhibited a 

significantly increased probability of presence with increased species richness (Figure 3.8). 

This response was most pronounced for C. linearis. A range of shared community-wide 

environmental drivers may have been responsible for the observed increased probability of 

presence with increased species richness for both C. linearis and J. herdmani. For example, 

the duration of deployment, which was positively correlated with species richness (see 

Chapter 2), also increased the probability of C. linearis being present. The presence of some 

key species may potentially produce a facilitation cascade enhancing the probability that the 

community can sustain both native and NNS (Bruno et al., 2003, Altieri et al., 2010). As will 

be discussed later, evidence of any community facilitative effect from differing Functional 

groups was not supported (Figure 3.10 and 3.11). Species specific facilitative effects were not 

investigated in this study, but may have been responsible for the trends observed.  

 

This study supported the results of Shucksmith et al. (2009), that C. mutica displaces native 

caprellid species, whilst playing a significant role in the recipient community on artificial 

structures. Both C. linearis and J. herdmani exhibited a negative trend between probabilities 

of presence with increased abundance of an ecologically similar species. However, this 

negative relationship was most pronounced between the probability of resident C. linearis and 

the increased abundance of the non-native amphipod, C. mutica. This phenomenon may be 
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explained by strong competitive interactions (Franke and Janke, 1998), that have previously 

been observed between the larger more aggressive non-native amphipod, C. mutica, and the 

native amphipod, C. linearis (Shucksmith et al., 2009).  

 

Favourable environmental conditions for feeding and enhanced oxygen supply produced by 

moderately increased water flow (≈20 cms-1) have been suggested to be one of the factors 

enhancing C. mutica recruitment (Boos et al., 2011). Moreover, the presence of C. mutica on 

boat hulls suggests a tolerance to high flow conditions (Buschbaum and Gutow, 2005, 

Shucksmith, 2007). However, this study found that across the wide range of estimated tidal 

flow speeds (0.04 - 2.63 ms-1) experienced by the navigation buoys, increasing water flow 

significantly reduced the probability of encountering C. mutica. The mobile nature of 

caprellids may make them more susceptible than other non-mobile taxa to changes in local 

flow dynamics (Vogel, 1994, Denny et al., 1998). However, water flow speed had no 

significant effect on the probability that navigation buoys would harbour the smaller native C. 

linearis species (mean 5.12 mm) (Shucksmith et al., 2009). This might be explained by the 

larger body size of C. mutica (mean 11.39 mm (Shucksmith et al., 2009)), which may limit its 

range in areas experiencing high hydrodynamic stress (Denny et al., 1998, Shields et al., 

2011). Flow dependent niche differentiation has been observed in other amphipod species 

(Guerra-García, 2001, Beermann and Franke, 2012). For example, the native tube dwelling 

amphipod Jassa falcata was observed to prefer greater water movement than the non-native 

amphipod Jassa marmorata (Karez and Ludynia, 2003). This might explain the difference in 

response between the non-native C. mutica, and the native C. linearis. In the context of 

marine renewable energy, artificial structures in high-flow environments (>1 ms-1) may 

produce sub-optimal conditions for colonisation by C. mutica. Further investigation as to the 

potential mechanisms by which elevated flow may alter species behaviour and interactions is 

undertaken in Chapter 5. A noteworthy observation was that samples taken from the Billia 

Croo site were dominated by C. linearis. These samples were omitted from the statistical 

analysis due to the potential confounding factor of wave-driven flow in this area. 

Unfortunately, no estimate of wave-driven flow could reliably be produced for this site; 

however, the high oscillating flow likely at this location may explain the observed prevalence 

of C. linearis. This observation seems to reinforce the findings of Karez and Ludynia (2003) 

that differences in habitat use, based on flow conditions may aid the coexistence of competing 

species within a larger geographical area.  

 

The positive relationship observed between the presence of J. herdmani and the estimated 

flow speed indicated a tendency for this species to favour higher flow environments. Tube 
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building amphipods belonging to the genus Jassa have previously been described as showing 

a preference for greater flow rates enabling access to increased nutrient supply and/or 

irrigation of tubes (Ebling et al., 1948, Nair and Anger, 1979, Dixon and Moore, 1997, Karez 

and Ludynia, 2003). It should be noted that historical systematic confusion when identifying 

species belonging to the genus Jassa has made the interpretation of many species specific 

studies questionable (Pilgrim and Darling, 2010). Furthermore, identification of material in 

the current study was made by identifying a proportion of a much larger number of 

individuals and although all care was taken to avoid misidentification it is possible that small 

numbers of different taxa were present. Therefore, as noted by others (Beermann and Franke, 

2012), caution when interpreting species specific responses should be exercised as the 

coexistence of numerous species within this genus is possible.  

 

It is conceivable that differences in the supply of recruits may have accounted for the 

observed relationships between the probability of presence and the deployment length of the 

buoy. Amphipods brood their young, largely necessitating within community recruitment and 

emigration that is mainly density-dependent (Franz and Mohamed, 1989). Paradoxically, 

some organisms with direct development are equally as capable of dispersing as those 

organisms with long-lived planktonic larval stages (Winston, 2012). Short distance dispersal 

by a combination of crawling, swimming, drifting and rafting, is an effective mechanism for 

the amphipods studied here to recruit to buoy communities (Franz and Mohamed, 1989, 

Ashton, 2006, Havermans et al., 2007, Boos et al., 2011). The probability of finding C. mutica 

on a navigation buoy was not significantly influenced by the length of deployment. However, 

C. linearis displayed an increased probability of presence with increased deployment time. 

This species appeared to require more time than J. herdmani to naturally recruit to navigation 

buoys. It is possible that C. mutica  may have a more restricted range than C. linearis with 

source populations largely confined to artificial structures introducing large amounts of 

variability to the recruitment process (Boos et al., 2011). Assuming appropriate conditions, 

these results suggest that Jassa species would be among the first amphipods to colonise an 

artificial structure, particularly in areas of high-flow. 

 

In the present study, smooth structures (Functional group 1), mainly mussels, appeared to 

provide poor recruitment options for C. mutica, as the probability of their presence reduced 

with increased coverage of this Functional group. This finding is consistent with Shucksmith 

(2007), who showed that mussel mimics were colonised less than short and long complex 

structures. An increase in the coverage of short complex structures (Functional group 2), 

which comprised largely of encrusting bryozoans, sponges and barnacles was also associated 
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with a decreased probability of C. mutica presence. Based on previous work, this Functional 

group might have been expected to increase the probability that individuals would be present 

(Shucksmith, 2007). However, photographic data, which were used to calculate the 

percentage cover of different Functional groups, may have been limited by the resolution of 

images and complexity of the communities. Photographs could not precisely account for the 

coverage of small complex structures such as filamentous algae and therefore the 

architectures of taxa making up this group were not synonymous with those used in previous 

studies (Shucksmith, 2007).  Once again, previous work investigating C. mutica recruitment 

to long complex structures (Functional group 3) suggested that these structures would provide 

suitable options for attachment and therefore a favourable habitat to recruit to (Shucksmith, 

2007). However, in this study, increasing cover of long complex structures (Functional group 

3) reduced the probability that C. mutica would be present. This may be explained by species 

specific responses to this group. For, example, the finer filamentous algae (Cladophora 

rupestris) used in previous studies to act as proxies for all natural short complex structures 

was demonstrated to be a more attractive substrate for C. mutica to recruit to than artificial 

(plastic) short complex structures highlighting a more species specific response (Shucksmith, 

2007). The species partitioned into Functional group 3 (long complex structures) in this study, 

may not have supported the diatom community that caprellids can utilise for feeding (Boos et 

al., 2011). Alternatively, the densely clumped mats of hydrozoans dominating this Functional 

group may provide poor shelter from predation and/or high water flow (Nelson, 1979, Martin-

Smith, 1993, Jacobi and Langevin, 1996). Species specific responses to the underlying 

community may yield approaches such as the one taken here ineffective for predicting the 

likely biological factors useful for understanding the distribution of NNS. 

 

Similar trends, observed between Functional group coverage and the probability of C. mutica 

presence, were observed for C. linearis presence. Previous work has demonstrated that 

preferences for the structural characteristics of the underlying substrate for C. linearis were 

similar to those observed for C. mutica (Shucksmith, 2007). However, none of the trends 

observed for C. linearis in the current study were significant. Perhaps in natural systems, i.e. 

biofouling communities, C. linearis exhibits a more generalist approach to its underlying 

community. However, this would need further validation with more focussed studies. 

 

The probability that J. herdmani would be present on navigational buoys was not significantly 

influenced by the coverage of smooth structures (Functional group 1), short complex 

structures (Functional group 2) and flexible canopy and sub-canopy forming structures 

(Functional group 4). This is perhaps unsurprising as this species is capable of producing its 
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own attachment structures thus modifying their immediate environment (Beermann and 

Franke, 2012). Long complex structures significantly reduced the probability that J. herdmani 

would be present. This group may reduce the local flow more than other surface architectural 

types, perhaps explaining the reduced probability of presence with greater cover of long 

complex structures in a species that typically prefers elevated flow environments. Overall, the 

probability that J. herdmani would be present appeared less restricted by environmental and 

biological factors than the caprellid species. Modification of their immediate environment 

may allow tube-building amphipods a more generalist approach to habitat choice (Dixon and 

Moore, 1997). 

 

In conclusion, this study observed NNS on artificial structures adjacent to, or in, areas 

currently under development for the production of marine renewable energy. Though the 

spread of these NNS to natural habitats may produce deleterious ecological changes, the 

tendency for non-natives to occur primarily on artificial habitats brings into question the role 

that NNS may play in an otherwise artificial community. For example, despite their relative 

abundance and ecological importance, little is understood of the importance of this group to 

higher trophic levels. These results suggest that both differences in community composition 

and hydrodynamic habitat will alter the probability that C. mutica will be resident within the 

community. Other amphipods appeared to have less specific habitat preferences. Functional 

group partitioning of biological data had a limited capacity for predicting amphipod presence. 

Species specific interactions, limited photographic resolution and variability within functional 

groups (most notably Functional group 4) may be responsible. However, if the predictions 

made can be transferred to renewable energy structures we could make some general 

inferences including: Caprella mutica will be less likely to colonise the structures of tidal 

energy devices in water flow > 1 ms-1, as the greater water movement at these locations may 

reduce their establishment. However, they will be more prominent on other MREDs and 

associated navigational aids in lower flow environments. Amphipods belonging to the genus 

Jassa, including introduced species of this genus, will play a dominant role in the majority of 

communities associated with tidal renewable energy structures. This research has brought to 

light many questions in need of further investigation, including how does elevated water flow 

affect these amphipod species and the interactions between them. The following chapters 

(Chapters 4 and 5) develop the methodology and attempt to answer some of these questions. 
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________________________________________________Chapter 4 

The design and construction of a high speed flume for the study of 

flow-driven phenomena in the establishment of invasive fouling 

species 

4.1 Introduction 

4.1.1 Interactions between organisms and fluid movements 

All living organisms contain and interact with moving fluids and, therefore, must adapt 

accordingly to their local fluid environment (Vogel, 1994). The ecological relevancies of 

these physical and biological interactions are widely recognised at many spatial scales (Hart 

and Finelli, 1999, Nikora, 2010).  For marine animals, the local fluid environments will affect 

all key aspects of their lives, for example, larval settlement (Abelson and Denny, 1997, 

Jonsson et al., 2004), feeding (Maar et al., 2007), growth (Okamura and Partridge, 1999), 

behaviour (Lawrie et al., 1999), reproduction (Hart and Finelli, 1999), and mortality (Witman 

and Suchanek, 1984). A detailed knowledge of such physical-biological coupling is also 

required to address a variety of complex problems such as the spread and establishment of 

invasive non-native species (Byers and Pringle, 2006, Coutts et al., 2010), as well as the 

colonisation of epibenthic fouling communities on off-shore marine renewable energy devices 

(MREDs) that are subject to elevated water movement (e.g., wave and tide). 

 

Water flow over a hard substrate exerts a measurable force on benthic organisms living on its 

surface (Denny et al., 1998). These forces, namely: drag and lift are dependent on the shape 

and density of the organism, as well as the speed and character of water-flow across its 

surface (Vogel, 1994, Koehl, 2007). As a fluid moves past a stationary object, a velocity 

gradient develops between the ‘free stream velocity’ (velocity > 0.99 velocity max) and the 

‘non-slip condition’, this is known as the boundary layer (Nowell and Jumars, 1984). 

Epibenthic organisms tend to live within the boundary layer and the nature of the water 

movement within this layer affects most aspects of their lifecycle. For example, the boundary 

layer conditions determine the likelihood that objects, such as larvae or food particles will 

contact the surface and whether waste material produced will be removed readily from within 

this layer (Gross et al., 1992, Mullineaux and Garland, 1993, Hart and Finelli, 1999). The 

thickness of the boundary layer determines the relative protection from the greater free-stream 

velocity outside the velocity gradient. The boundary layer may also act as a barrier for 

existing organisms, where a thicker boundary layer may reduce the availability of resources 
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such as food or dissolved oxygen and reduce the dispersal of larvae (Vogel, 1994). Boundary 

layer thickness is determined by the roughness of a substrate, the speed and viscosity of the 

fluid and the distance from the leading edge.  

 

The prerequisite for site selection of tidal and wave-based MREDs is high natural energy. 

Therefore, communities inhabiting these devices will be exposed to varying degrees of 

hydrodynamic stress,  ranging  from the low energy sites characteristic of wind arrays to the 

high energy sites typical of tidal and wave arrays (Shields et al., 2011). The ability to tolerate 

the hydrodynamic stresses generated, namely drag, will undoubtedly shape the success of any 

species that recruits to a community within a high-flow environment (Witman and Suchanek, 

1984, Eckman and Duggins, 1993, Leonard et al., 1998, Hart and Finelli, 1999, Ferrier and 

Carpenter, 2009, Coutts et al., 2010, Nikora, 2010). Previous chapters (see Chapter 2) 

investigated the community composition on artificial structures in high-flow areas adjacent to 

sites proposed for the production of tidal marine renewable energy. This work demonstrated 

that amphipods, belonging to the genera Caprella and Jassa, comprise an important 

component of the biofouling community typical of artificial structures in off-shore areas. The 

success of organisms living on the surface of a MRED will be principally affected by the 

degree of drag experienced. In order to further understand the effects of local flow 

characteristics on this type of fauna, a method was needed to investigate the behavioural 

responses and altered species interactions between amphipod genera that may be created by 

elevated hydrodynamic stresses.  

 

In natural systems, the non-linear nature of fluid flow at different spatial and temporal scales 

results in very complex flow environments (Smyth and Moum, 2009). Biological flumes 

provide a mechanism to investigate many important ecological and physical phenomena 

(Vogel and Labarbera, 1978, Muschenheim et al., 1986, Nowell and Jumars, 1987, Hendriks 

et al., 2006, Jonsson et al., 2006). These flumes create flow under controllable settings 

allowing for the key characteristics of the natural fluid environment to be replicated 

appropriately (Table 4.1). The principal aim of any flume is to generate the most simple fluid 

environment in which to examine postulated relationships between flow conditions and some 

biological related activity (Nowell and Jumars, 1984). Moreover, the intention to use a flume 

must be accompanied by a detailed description of the flow environment created (Nowell and 

Jumars, 1987). 
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Table 4.1: Example of flow related phenomena studied using a flume apparatus 

Biological phenomena studied References 

Biomechanics 
(Anthony, 1997, Jonsson et al., 2004, Friedrichs and Graf, 

2009) 

Transport and accumulation of 
particles 

(Butman et al., 1994, Widdows et al., 1998) 

Biofouling studies (Koehl, 2007, Coutts et al., 2010) 

Benthic ecology 
(Grant, 1980, Gambi et al., 1990, Riisgard et al., 1996, 

Folkard and Gascoigne, 2009) 

Larval settlement (Butman et al., 1994, Hendriks et al., 2006) 

 

Medium to large scale flumes designed to study biological benthic boundary layer processes 

are relatively scarce (Jonsson et al., 2006). Propulsion of water is achieved by a variety of 

methods, for example, pumps and propellers (straight flumes), belt drives (race-track flumes), 

and rotating paddles (Annular flumes) (Figure 4.1). The variation in propulsion mechanisms 

along with a wide range of flume geometries result in corresponding flow characteristics that 

are unique to most flumes (Jonsson et al., 2006). How these unique features of a flume 

compare to the real world environment is an important consideration for biological studies. 

For example, when considering larval settlement, turbulence levels within the boundary layer 

require careful attention in order to scale flume conditions to natural ecosystems (Hendriks et 

al., 2006).  

 

 

Figure 4.1: Example of three types of flume design. Figure taken and adapted from Jonsson et al 

(2006). 
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4.1.2 Scaling parameters  

Given that flumes are experimental apparatus designed to study natural phenomena, the flow 

environment must be appropriately scaled to some characteristic(s) of the natural system 

(Jonsson et al., 2006). When describing a bottom boundary layer structure some indication of 

the ‘steadiness’ of this structure over time can be given. The Strouhal number can be used to 

do this and is a measure of the ‘steadiness’ of the flow (Equation 1) (Nowell and Jumars, 

1987). Where f is the frequency of tidal change, L is the characteristic length and U is the 

water velocity. When the Strouhal number is close to zero the flow can be described as having 

quasi-steady nature. In the case of a simple tidal driven flow in an estuary, the Strouhal 

number will be low (approximately 4 x 10-3) and we can therefore, express the flow as having 

quasi-steady behaviour (Nowell and Jumars, 1987). In situations where the flow-rate is 

comparable, but frequencies are reduced, for example, wave-driven flow environments, the 

Strouhal number becomes very high. Therefore, steady flow cannot be assumed to be a 

defining feature of the natural environment being modelled. When modelling tidal streams 

suitable for tidal renewable energy production, quasi-steady flow is the most appropriate 

condition to replicate (Nowell and Jumars, 1987). This is especially true where we are 

investigating rapid behavioural responses to flow. 

 

Equation 1: 
U

fL
St =

 

 

The second non-dimensional scaling parameter of great importance is the Reynolds number, 

which describes the ratio between inertia forces and viscous forces in a moving fluid (Vogel, 

1994). The Reynolds number (Re) can be used to predict the development of turbulence and is 

the relationship between: the density of the fluid (p), the characteristic length (l), the free 

stream velocity (U) and the dynamic viscosity (µ) of the fluid (Equation 2). Estimating the 

Reynolds number is very useful when attempting to reproduce natural flows as a greater 

Reynolds number predicts greater turbulence levels. In relation to MREDs, the Reynolds 

number can be used simply to predict levels of turbulence at the scale appropriate to the 

processes being studied. 

Equation 2: µ

plU
=Re  

 

Non-dimensional scaling terms can help form the backbone of an argument that must be made 

for every flow related question investigated in a laboratory set-up; ‘what is the 
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appropriateness of the flow generated for investigating real world phenomena?’ This question 

is complicated by attempting to define and replicate complex natural flow environments using 

simplistic models. Precise scaling of all these terms is, in the majority of cases, impossible 

and each term is dependent on the spatial scale of the question being asked (Nowell and 

Jumars, 1987). To date, flow related studies concerned with the flow conditions around 

MREDs have focussed on larger scales than those directly relevant to resident fauna (Osalusi 

et al., 2009). However, using these scaling terms we can make a strong case for the 

appropriateness of producing quasi-steady, turbulent flow for studying biological processes 

on tidal MREDs.  

4.1.3 Boundary layer conditions 

When investigating benthic phenomena, the boundary layer conditions are paramount to 

modelling the physical structure of natural flows. At the simplest level, geometric similarity 

should be the same for the flume as it is in the natural system (Nowell and Jumars, 1987). It is 

normal practice to produce a benthic flow environment, where gradients in velocity exist only 

in the z direction (increasing height above surface (Figure 4.2)) under steady conditions (i.e. 

the mean of the turbulent velocity fluctuates is zero) (Nowell and Jumars, 1984). Therefore, 

flow conditions can be easily modelled and described through simple mathematical means. 

Equation 3, describes the estimated thickness of the boundary layer (δ) at a specified 

Reynolds number where flow in the boundary layer is principally laminar in nature (Vogel, 

1994). Equation 4, describes the thickness of the boundary layer at a specified Reynolds 

number where flow in the boundary layer is principally turbulent flow (Vogel, 1994). 

 

Equation 3: 2

1

Re5 −
= x

χ

δ

 

 

Equation 4: 5

1

Re376.0 −
= χ

χ

δ
 

 

Both equations predict that the boundary layer will develop with distance (χ) (Figure 4.2). 

This dictates that when fluid processes are to be investigated along the principal axis of flow 

the boundary thickness must be comparable. Over a long enough distance the boundary layer 

can be defined as ‘fully developed’ (Nowell and Jumars, 1987). 
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Figure 4.2: The formation of a laminar and turbulent boundary layer. (u) Velocity of fluid, (δ) 

benthic boundary layer thickness, (y) height above plate. (Figure taken from 

www.cortana.com/Drag_Description.htm accessed 03/12). 

 

4.1.4 Objectives of this chapter 

This chapter presents the design process undertaken for a biological flume required to 

investigate the behaviour of small (typically <4 cm body length) epibenthic amphipods under 

flow conditions likely to be experienced on MREDs. The objectives of this chapter include: 

 

• A detailed outline of the decisions and methods used to design and construct the flume 

facility. 

 

• The characterisation of turbulence levels and boundary layer conditions within the 

flume, making a comparison with other flume facilities. 

 

• A discussion of the compromises made within the design process and the 

appropriateness of flow conditions generated for future ecological studies. 
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4.2 Materials and Methods 

4.2.1 Principal flume design challenges 

A range of ‘prototype’ ideas were considered and drawings drafted and evaluated before 

arriving at the final flume design (Figure 4.3). As this flume was designed to investigate 

important ecological phenomena relative to the marine renewable energy industry, flow rates 

greater than 1 ms-1 were required (Moore et al. 2007). These fast flow rates (up to 1.5 ms-1) 

had to be produced in a small aquarium space (3.68 x 2.90 x 2.60 m) and at a relatively low 

cost. Although flow had to be relatively turbulent to be comparable with natural systems, 

high-flow rates in a small aquarium facility would almost certainly result in highly turbulent 

flows. Therefore, every effort had to be made to design the flume in such a way that 

turbulence would be minimal at high-flow rates. For subsequent ecological studies, flow rates 

within the flume had to be controllable and programmable. The size of the flume had to be 

appropriate for the scales of ecological processes being studied. If the flume was too small the 

organisms would not fit in the appropriate boundary layer conditions (i.e. organism height 

approximately 1/3 of log boundary layer). If the flume was too large the energy needed to 

move the mass of water required would become impractical. Lastly, turbulence characteristics 

and boundary layer conditions had to be comparable to other biological flumes and 

reproduced in a small aquarium facility, whilst maintaining ambient sea water temperatures 

and salinity. 
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Figure 4.3: The final fibreglass flume design. Components: (A) The electric motor and timing belt pulley, (B) the stainless steel drive shaft, (C) the stainless steel 

collimator and propeller assembly, (D) the viewing window, (E) the test panel section, (F) the upper channel and direction of flow, (G) the collimator on the last bend, and 

(H) the wooden support structure. Figure to scale, person 1.8 meters high. 
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4.2.2 Flume geometry 

A Reynolds number of 3x103 can indicate the transition between laminar and turbulent 

boundary flow (Nowell and Jumars, 1987). As outlined below, various methods to calculate 

the Reynolds number were used to optimise the geometry of the flume at the design phase. 

The channel Reynolds number, at a variety of flow speeds was calculated by substituting the 

Hydraulic Diameter (Equation 5) as the characteristic length.  

 

Equation 5: Hydraulic Diameter of a channel = 4 X cross sectional area/wetted perimeter 

 

The channel Reynolds number was then used to predict turbulence levels in the flume using 

different geometries (Jonsson et al., 2006). As the channel width and flume length co-varies 

with many other critical features of the flume design, an Excel spread sheet was constructed 

to allow the flumes geometry to be optimised by simultaneously altering many variables such 

as channel width, depth of water and speed of water flow (see Annex 2 for spread-sheet 

output). 

 

An estimated local Reynolds number with increased flow speed was also calculated by using 

the length from the last collimator (devices used to ‘straighten’ the flow) to the test section as 

the characteristic length. This was done to predict boundary layer thickness over the test 

section at various flow speeds and flume geometries. It was assumed that the thickness of the 

bottom boundary layer (δ) would be of a similar magnitude to the boundary layers of the 

channel walls. Therefore, the channel width was designed to accommodate for twice the 

estimated boundary layer thickness at that flow and corresponding Reynolds number as well 

as the area needed to study the process of interest as described by Jonsson et al (2006) and 

Nowell and Jumars (1987). 

 

A straight flume, in which the returning duct was placed directly below the open channel, was 

considered the most appropriate design as this required the smallest amount of space (Figure 

4.4). An inner diameter of 20 cm was used for the turn at each corner, as this was the least 

destructive manner to change the direction of flow without inducing too much turbulence, 

whilst also maintaining the length of the upper channel (Jonsson et al., 2006). In addition, 

curved fibreglass baffles were used at each turn in the upper channel to smooth the movement 

of seawater around each bend. 

 

An identical channel perimeter was maintained throughout the entire circuit of the flume, 

which significantly reduced any turbulence generated through merging flows with differing 
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cross sectional areas and shapes (Vogel and Labarbera, 1978, Nowell and Jumars, 1987). 

Fibreglass was used to fabricate the flume as it was more cost effective than glass and easier 

to modify once built. An inner gel coating allowed for a bottom roughness comparable with 

glass, again reducing turbulence. Lastly, a wide mesh (holes size 144 mm2) aluminium 

collimator was used in the upper channel to remove large-scale eddies, whilst allowing small-

scale eddies to pass (Figure 4.5). Finer collimators would result in significant drag and the 

energy required to generate high-flow rates would become impractical (Jonsson et al., 2006). 

The collimator was also designed to ‘trip’ the boundary layer, a common method for 

accelerating boundary layer formation. This was done by ensuring the collimator contained a 

3 mm structural element which was kept in contact with the bottom of the flume. Flow within 

the boundary lyre would then be encouraged to develop over shorter lengths (Figure 4.2). 

 

Figure 4.4: A scale drawing of flume geometry. 

4.2.3 Construction 

The body of the flume was fabricated at The Scottish Association for Marine Science (SAMS) 

by producing two wooden moulds (one for the two upper sections and one for the two lower 

sections) onto which fibreglass sheets were laminated by G. Murdoch and A. MacLeod in the 

SAMS workshop facilities. Once these components had been completed to the specifications 

provided, the remaining elements of the flume were built, assembled and tested by A. 

MacLeod in the SAMS workshop facilities, with support from aquarium manager, J. Kershaw 

(Figure 4.5).  
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Figure 4.5: The upper channel of the flume. (A) Facing the direction of flow, the top of the bearing 

assembly is visible with the green test section in view. (B) The stainless steel collimator holding the 

water lubricated phenolic bearing with the propeller visible below. (C) Facing upstream of flow the 

top of the final faring plates and aluminium collimator are visible. 

4.2.4 Flume mechanical parts 

Water was moved using a propeller, as this allowed for the generation of flow without the 

need to generate a pressure head requiring large amounts of energy. This also creates lower 

turbulence at similar flows (Vogel and Labarbera, 1978) (Figure 4.5). An electric motor 

(230V, 3 phase motor (TEC Electric Motors Ltd, 1.1 63TECAB3) and Driver (Lenze Ltd, 

13312829) were used to drive a pre-tensioned timing belt geared (15mm wide, 5mm pitch, T. 

Norris LTD) to a stainless steel shaft at a ratio of 2:1. This created large amounts of torque 

even at a high number of revolutions per minute (RPM) (≈500 max). A three bladed brass 

propeller with a diameter of 25.4 cm and a pitch of 30.5 cm (T. Norris LTD, Middlesex) was 

chosen, as this propeller could push the maximum volume of water around the flume for a 

given rotation, whilst minimising destructive cavitation. In order to reduce vibrations, causing 

damage to the flume and the bearing assembly at high-flows, the lower part of the shaft was 

held by a water lubricated phenolic bearing (T. Norris LTD, 3/4 inch bore) pressed into a 

stainless steel housing. The phenolic bearing and housing were fastened to a large collimator 

(constructed in the workshop from stainless steel plates). In addition to supporting the bottom 

of the shaft, the stainless steel collimator increased the efficiency of the rotating propeller by 

forcing the propeller to pull water down through the collimator rather than rotating it (Vogel 

and Labarbera, 1978). The collimator also ensured that the propeller could not be fouled and 

would not interfere with the test section by entraining turbulent vortices from the top channel. 

At peak flow velocities, the mechanical parts moved approximately 1000 litres of water at a 

rate of 1.5 ms-1 around the flumes’ 6.8 m central line. Taking account of boundary conditions, 

B C A 



 87

at high-flow, approximately 4000 litres of water per minute were propelled past any one point 

in the flume. Great effort was made to ensure that the structural and mechanical elements 

which made up the flume could withstand the considerable forces exerted on them.  

4.2.5 Flow characterisation  

All flow measurements were made using a horizontal facing Acoustic Doppler Velocimeter 

(ADV) (Nortek Vectrino+). The ADV calculated the flow rate of the x, y and z components of 

flow at a frequency of 25Hz for a minimum period of 210 seconds (Figure 4.6). This yielded a 

minimum of 5250 data points suitable for resolving relevant velocity fluctuations (Jonsson et 

al., 2006). The standard deviation of all velocity components was represented by the root-

mean-squared (RMS) of the perturbation from the mean of each velocity measurement. ADV 

time series data were viewed and analysed using the software package WinADV (ver. 32) 

(www.usbr.gov/pmts/hydraulics_lab/twahl/winadv/). Data smoothing was carried out using a 

phase-space threshold de-spiking method (Goring and Nikora, 2002). The objective was to 

maintain the average signal to noise ratio above 60 and the average correlation above 70 by 

manipulating the nominal velocity range (Professor Nikora, University of Aberdeen, pers. 

comm.).  

 

 

 

 

 

 

 

 

 

 

Figure 4.6: The x, y and z components of flow. Y was the principal axis of flow within the flume. 

4.2.5.1 Turbulence characterisation 

The turbulence characteristics were estimated from the centre of the flume (15 cm from the 

sides) at a distance from the bottom of 0.05 ms-1, to enable comparison with other biological 

flumes. Over a range of flow velocities, time series measurements were taken to calculate the 

turbulence intensity (Equation 6) and turbulent kinetic energy (Equation 7). Turbulence 

intensity (%) was calculated by acquiring time-series measurements of the individual velocity 

components (x, y and z), (s indicates the standard deviation).  
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Equation 6: 222

222 )()()(
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Average turbulent kinetic energy (TKE) was calculated using average root mean square 

(RMS) of x’, y’, and z’ components (Equation 7). As density (p) remained more or less 

constant throughout testing it was omitted from the analysis allowing comparison with 

published data (Jonsson et al., 2006). 

 

Equation 7 )(2/1 222
zyxpTKE ′+′+′=  

4.2.5.2 Boundary layer characterisation 

The vertical velocity profiles of the benthic boundary layers at two free-steam velocities (0.05 

ms-1 and 0.25 ms-1) were calculated from ADV time series measurements taken at increasing 

distance from the flume bottom at the centre of the flume (15 cm from the sides). Boundary 

layer thickness was derived from visual inspection of the semi-log graphs and estimated 

values (Jonsson et al. 2006). Bed shear stress [Pa (Kg m-1s-2)] in a turbulent boundary layer is 

related to shear velocity (Equation 8). Among the methods used to estimate shear velocity, 

turbulent kinetic energy at increasing distances from the flume bottom can be used as this 

calculation utilises all three velocity components estimating sheer velocity (ms-1) in a three 

dimensional scheme (Equation 9) (Kim et al., 2000). These calculations are based on the 

assumption that the lower part of the logarithmic boundary layer is fully turbulent (Jonsson et 

al., 2006).  

Equation 8: 
2
*0 pu=τ  

 

Equation 9: TKEcu ×= 1*  

4.2.5.3 Controlling flow speed and water temperature 

One of the principal design challenges for the flume was that free-stream flow rates had to be 

controllable and programmable for subsequent ecological studies. The relationship between 

free-stream velocity and the motor frequency was determined in order to perform planned 

experiments. Free-stream velocities at thirteen motor frequencies were calculated from ADV 

time series measurements made 15 cm above the bottom of the upper channel. Water 

temperature within the flume was maintained at ambient seawater temperature (11.0 - 14.5 
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°C) by extracting water at the mechanical end of the flume and pumping it through a 

temperature control unit (®Teco chiller, TR15, Loughborough). 

 

4.3 Results & Discussion 

4.3.1 Reynolds scaling and flume geometry 

The Reynolds number (Rex) predicts that a shorter flume would produce a boundary layer that 

had less developed turbulence and consequently a less developed boundary layer. Due to the 

restrictions of the available space to house the flume the type and shape of the flume were 

important considerations to ensure the proper development of boundary layer flow this meant 

appropriate levels of turbulence. In an open channel flume with smooth walls, a Reynolds 

number of less than 3x103 indicates that the boundary layer flow is laminar in nature and 

above 3x103 the boundary layer is typically turbulent (Nowell and Jumars, 1987). All 

calculated Reynolds numbers were greater than this critical value suggesting turbulence 

would be well developed at the majority of flow speeds (Table 4.2).  

 

*The characteristic length used to calculate Rex was 1.95 m (length from collimator to test section). 

The characteristic length used to calculate Rec was the hydraulic diameter (Equation 5). Rec average-

flow was calculated using the hydraulic diameter and the estimated average flow rate across the cross-

sectional area of the flume. 

 

Reynolds scaling of this nature should only be taken as a ‘rule of thumb’, for example, 

rougher walls and poorly designed propulsion methods would yield more turbulent flows at 

much lower Reynolds numbers (Jonsson et al., 2006). From a group of flumes studied, 

Jonsson et al. (2006) found that there was no evidence that turbulence was more developed in 

longer flumes with a higher local Reynolds number (Rex) as shorter flumes can produce 

 

Table 4.2: Estimated Reynolds number with increased flow speed in the SAMS 

flume*.   

 Flow Speed ms
-1

 Rex Rec Rec average-flow  

 0.05 7.2 x 10
4
 1.4 x 10

4
 9.1 x 10

3
  

 0.25 3.6 x 10
5
 6.9 x 10

4
 6.1 x 10

4
  

 0.50 7.2 x 10
5
 1.4 x 10

5
 1.3 x 10

5
  

 0.75 1.1 x 10
6
 2.1 x 10

5
 1.9 x 10

5
  

 1.00 1.4 x 10
6
 2.8 x 10

5
 2.6 x 10

5
  

 1.25 1.8 x 10
6
 3.4 x 10

5
 3.2 x 10

5
  

 1.50 2.2 x 10
6
 4.1 x 10

5
 3.8 x 10

5
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turbulent boundary layers for relatively slow flows. Indeed, many biological flumes 

experience turbulent flows at Reynolds numbers far below the expected cut-off between 

turbulent and laminar flows (Jonsson et al., 2006). This implies that if a laminar boundary 

layer is required then turbulence generated from the propeller, collimator and the shape of the 

returning duct must be reduced at the source and allowed as much distance as possible for 

flow to reach a steady state (Jonsson et al., 2006). Fortunately, laminar boundary layer flow 

was not required for subsequent experiments based on Reynolds scaling between the flume 

and a hypothetical MRED and its surrounding environment. Reynolds scaling to natural 

systems is a difficult problem, which is exacerbated by the large choice of scales to be 

investigated (characteristic length). Moreover, Reynolds scaling becomes less appropriate at 

the scale of benthic organisms inhabiting tidal renewable energy devices as turbulence levels 

and flow speeds are shaped principally by surface architecture, which are unlikely to be 

hydraulically smooth due to biofouling (Gambi et al., 1990, Vogel, 1994, Friedrichs et al., 

2000, Hendriks et al., 2006). However, the study of flow related biological phenomena is only 

possible by simplifying complex flow patterns observed within benthic communities. The 

Reynolds number provides a simplistic calculation based on a combination of easily 

ascertainable variables namely flow speed and characteristic length. Therefore, allowing for 

predictions to be made based on smooth surfaces, and a discussion to be made based on 

simplified flow conditions. 

 

4.3.2 Turbulence characterisation 

Estimates of turbulence intensity and turbulent kinetic energy were made using ADV time 

series data. Both turbulence intensity and turbulent kinetic energy in the SAMS flume had 

comparable values to other biological flumes (Jonsson et al., 2006) (Figure 4.7). Turbulence 

intensity decreased with increasing flow and turbulent kinetic energy increased with 

increasing flow (Figure 4.7). The Rostock flume (University of Rostock, Germany) and 

KUCORPI flume (Klaipeda Coastal Research and Planning Institute, Lithuania) produced 

high TKE at 0.25 ms-1 as these flumes were not designed for the flow speeds employed 

(Jonsson et al., 2006). 
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Figure 4.7: Turbulence characteristics of the SAMS flume compared to 11 other biological 

flumes. Turbulence characteristics of the SAMS flume is shown by the horizontal line. Turbulence 

Intensity at A) 0.05 cms-1, B) 0.25 cms-1 and Turbulent Kinetic Energy at C) 0.05 cms-1, D) 0.25 cms-1 

are shown. All measurements were taken at 0.05 metres from flume bottom. Figure adapted from 

Jonsson et al (2006). 

 

Turbulence development can also be viewed in an alternate way that describes spatial 

variability of turbulent kinetic energy using power spectra (Jonsson et al., 2006). Power 

spectra describes the form by which kinetic energy in larger eddies is dissipated by smaller 

and smaller eddies until viscous forces transform the energy to heat (Smyth and Moum, 

2009). A spectral density plot was produced from ADV time series measurements made at 

25Hz for two flow speeds (0.05 ms-1 and 0.25 ms-1) at 5 cm from the flume bottom (Figure 

4.8), as seen in Jonsson et al. (2006). Inspection of autocorrelation spectra of the primary 

velocity component indicated that turbulence was well developed even at the slower velocity. 

The spectral density plot was comparable to those produced for nine other European flumes 

(Jonsson et al., 2006). The plot showed that the SAMS flume has an inertial sub-range region 

(indicated by the line) that was slightly flatter than the expected slope of -5/3 (Nakagawa and 

Nezu, 1993). This indicates that additional energy is being added by the mean flow (Jonsson 

et al., 2006, Smyth and Moum, 2009). In this case, large scale eddies, which can be expected 

to decay to smaller and smaller scale eddies, were poorly represented as the collimator could 

be expected to remove these eddies (Smyth and Moum, 2009). 



 92

Figure 4.8: Spectral density plot of the autocorrelation of the y component at two flow speeds. 

ADV time series were produced from flow 5cm above the bottom. The inertial sub-range region is 

indicated by the line (slope of -5/3). 

 

4.3.3 Boundary layer characteristics 

Boundary layer thickness estimated for 0.05 and 0.25 ms-1 was 0.07 and 0.05 m respectively. 

These values were smaller than values derived from visual inspection of the semi-log graphs 

(Figure 4.9), indicating that ‘tripping’ of the boundary layer was successfully achieved by the 

aluminium collimator design. As a result, free-stream velocities for subsequent experiments 

were taken from a height of 15 cm from the flume bottom and 15 cm from the flume walls. As 

experiments required live animals, water characteristics (density, temperature and viscosity) 

could not be changed to optimise flow characteristics. Therefore, local velocity in the flume 

has to correspond to field flows. Unfortunately, no data exist concerned with the boundary 

layer characteristics and turbulence levels experience by organisms inhabiting the surface of a 

MRED. In any case these conditions would be highly variable and site specific. The total drag 

forces acting on an organism in a boundary layer must be the sum of the force acting on the 

body as a whole, and will depend on the vertical velocity gradient (Jonsson et al., 2006). 

Consequently, the geometry of the velocity gradient (boundary layer) must be similar to 

naturally occurring velocity gradients (Vogel, 1994), which was true of this flume. 
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It has been assumed that flow gradients cannot be purely two-dimensional in flumes, due to 

the presence of their side walls (Nowell and Jumars, 1987, Nakagawa and Nezu, 1993, Nikora 

et al., 1998). The significant covariance observed between the z and x components of flow in 

the SAMS flume indicated the presence of cross channel (secondary) helical flows (0.1046 

and 0.7093 for 0.05 ms-1 and 0.25 ms-1 respectively). Secondary flows are commonly 

produced by asymmetries in resistance to flow caused by poor entrance conditions, in addition 

to a narrow upper channel (Nowell and Jumars, 1987). The consequence of significant 

secondary flow is being unable to model the fluid environment in a two dimensional form. 

Therefore, secondary flow has the potential to limit the practical applications of the SAMS 

flume when estimating complex flow parameters driving biological phenomena that are only 

easily calculated and controlled under simple unidirectional flow (Nowell and Jumars, 1987). 

However, secondary flow increases proportionally to the principal flow and therefore, drag 

experience by any organism can still be assumed to increase with greater flow rates. 

Therefore, the experiments for which this flume was designed and built did not require 

complex modelling of the two dimensional parameters and the relatively coarse natures of 

behavioural change with elevated flow renders fine scale modelling of boundary layer 

conditions inappropriate in this case.  
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Figure 4.9: Vertical velocity profiles for (A) 0.05 ms
-1

 and (B) 0.25 ms
-1. Deviation in flow speed is 

represented by the standard deviation of y and was measured using the an Acoustic Doppler 

Velocimeter (ADV). 
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An alternative way to investigate the nature of a boundary layer flow is to calculate the 

change in frictional forces (shear velocity) caused by flow with increasing distance from a 

solid surface. Shear velocity predictably decreased with increasing distance from the flume 

bottom (Figure 4.10). The shear velocities, calculated using TKE at a height of 0.05 m from 

the bottom surface (0.0023 ms-1 and 0.0049 ms-1 for free-stream velocities of 0.05 ms-1 and 

0.25 ms-1 respectively), were comparable to published data on other biological flumes 

(Jonsson et al., 2006).  

 

 

Figure 4.10: Vertical shear velocity profiles for 0.05 ms
-1

 and 0.25 ms
-1. Shear velocity predictably 

decreased with increasing distance from the flume bottom 

 

4.3.4 Controlling flow speed 

One of the principal design challenges for the flume was that free-stream flow rates had to be 

controllable and programmable for subsequent ecological studies. The number of revolutions 

per-minute that the propeller turned increased linearly with the frequency that the motor was 

run. Therefore, a linear relationship was expected between motor frequency and free-stream 

velocity. However, when the motor speed was run above 40Hz, a pressure wave was 

propagated from the downstream side of the collimator producing fluctuating water depths at 

the test section (Figure 4.11). These waves were responsible for producing non-linear 

fluctuations in flow speed with increased motor frequency (Figure 4.11). In order to maintain 
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predictable flow at high motor frequencies a floating flexible material (PVC flooring) was 

used to absorb the energy from this wave. The wave absorber stabilised flow to well above 

50Hz, producing approximately 120 cms-1. This allowed flow speed to be easily altered 

during experiments by adjusting the motor frequency. 

 

Unfortunately, the stabilisation of flow conditions at high-flow speeds by using a wave 

absorber resulted in an alteration of the geometry of the boundary layer (Figure 4.12). 

However, the scale of intended experiments (organism height <4 cm) meant that the test 

organisms were maintained within the natural boundary layer geometry. It is probable that at 

higher flow speeds boundary thickness will be suppressed; however, the suppression of the 

surface (upper) boundary layer, responsible for altering the velocity profile, will be of a 

similar magnitude to the lower boundary layer (Vogel, 1994). 
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Figure 4.11: A low frequency wave absorber was produced to correct unstable free-stream 

velocity increases at motor frequencies greater than 40Hz. The wave absorber was designed to 

absorb the pressure wave that was produced on the downstream end of the collimator. This had the 

effect of stabilising flow to well above 50Hz, approximately, 120 cms-1. 
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Figure 4.12: Vertical velocity profiles for (A) 0.05 ms
-1

 and (B) 0.25 ms
-1

with wave absorber. 

Deviation in flow speed is represented by the standard deviation of y. 
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4.4 Conclusions and ecological relevance 

Tidal streams suitable for some MREDs are characterised by free-stream velocities above 1 

ms-1 and in the majority of cases peak water velocities exceed 3 ms-1 (Moore et al., 2007, 

Lawrence et al., 2009). However, extreme flow speeds such as these may bear little relevance 

to the flow speeds experienced by small biofouling organisms, such as amphipods (Ferrier 

and Carpenter, 2009). Boundary layer effects, in addition to, the complex architecture typical 

of benthic communities can result in drastically reduced flow speeds within resident 

communities (Gambi et al., 1990, Vogel, 1994, Friedrichs et al., 2000, Johnson, 2001, 

Hendriks et al., 2006). It has, therefore, been difficult in this study to accurately pinpoint the 

precise flow rates and corresponding turbulence levels of these unknown complex flow 

patterns at the scale of the organisms of interest. Like most experimental apparatus, the 

principal aim of the SAMS flume was to generate a simple and well defined environment in 

which to examine and postulate relationships between conditions generated and some 

biologically related activity. The use of simple non-dimensional scaling parameters such as 

the Strouhal number or the Reynolds number was the first step in creating an argument for the 

‘appropriateness’ of the flow being generated within the flume apparatus. Jonsson et al. 

(2006) compared 12 different biological flumes and found them to have largely similar flow 

characteristics despite their great diversity in size and design. The design and build of the 

SAMS flume produced similar flow characteristics both in boundary layer geometry and 

turbulence levels to flume used in other biological studies. Moreover, this flume was capable 

of producing flow rates of up to 1.5 ms-1 significantly increasing the ecological relevance of 

flows generated in this flume for investigating flow related phenomena on the surface of 

MREDs. 

 

Compromises were made during the design phase of this project and perhaps the most 

important of these were the short entrance length of the flume (distance from last collimator 

to the test section), along with the low width to depth ratio, the outcome of which resulted in 

significant secondary flows. Although more complex flow will reduce the number of practical 

applications for future work, this flume is well suited for the intended experiments. This 

chapter also addresses a key criticism made of other flume related studies by describing the 

flow environment fully. In the SAMS flume, the effect of modifying the collimator design on 

secondary flow production was not investigated as a coarse collimator was required to 

maintain high-flow speeds by minimising drag within the flume. Experiments requiring two 

dimensional modelling such as settlement studies could use modified collimator designs, 

which should reduce secondary flow generation (Hendriks et al., 2006). This was achieved in 

the Rostock flume where complex flow measurements were produced in this small flume by 
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modifying the collimator design (Springer et al., 1999). Improvements to the SAMS flume 

could also be made by extending its length. This option was built into the design at an early 

stage, but would require the building of extra components and re-housing in a larger aquarium 

room. Taking such a low cost approach to constructing biological flumes has the additional 

advantage that at a modest budget several units could be built thus allowing greater 

replication of experiments investigating a range of biological phenomena.  

 

The design considerations for biological flumes are lengthy, and in addition to being 

dependent on the required function of the flume, designs must meet the necessary 

compromises imposed. Despite the compromises made, the SAMS flume provides a cost 

effective aquarium apparatus necessary to study the behaviour of amphipods in a variety of 

flow conditions, including those likely to be encountered on wind and tidal MREDs. 
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________________________________________________Chapter 5 

The behavioural responses and interactions of non-native 

amphipods under different flow regimes  

 

5.1 Introduction 

Non-native amphipods are abundant on artificial structures, including, navigation buoys, 

aquaculture infrastructure, off-shore oil platforms and wind turbine pilings (Page et al., 2007, 

Woods, 2009). Populations of non-native amphipods on artificial structures may have 

beneficial effects, playing a key dietary role for associated species at higher trophic levels 

(Hueckel and Buckley, 1987, Page et al., 2007, Woods, 2009, Reubens et al., 2012). In 

contrast, once established, non-native species may reduce local diversity by displacing native 

species in surrounding habitats (Mack et al., 2000, Levine et al., 2002). For example, 

Caprella mutica is known to aggressively displace the native amphipod species Caprella 

linearis (Shucksmith et al., 2009). The physical and biological characteristics of environments 

typical of artificial structures, may also aid the spread of non-native species, increasing the 

risk of potential negative interactions with recipient communities (see Chapter 1 for review). 

To date, few studies have focussed on the importance of hydromechanics in altering the 

probability that a non-native species will become established in a new environment (Tickner 

et al., 2001, Allen and Williams, 2003, Coutts et al., 2010, Murray et al., 2012). However, this 

is of particular relevance to the marine renewable energy industry, as artificial structures 

associated with this industry are to be placed in a wide range of hydrodynamic regimes. 

 

Amphipods belonging to the families, Caprellidae and Ischyroceridae are widespread and 

abundant on navigation buoys in a range of geographical locations around Scotland (see 

Chapter 2 and 3). These, navigation buoys were located in varying tidal regimes (peak flow 

0.04 - 2.63 ms-1) encompassing the full range of flow environments associated with the 

developing marine renewable energy industry. Chapter 3 demonstrated that as flow rate 

increased, this significantly reduced the probability that the non-native amphipod, Caprella 

mutica, would be resident on a navigation buoy. Whereas, a positive relationship between the 

presence of the native amphipod Jassa herdmani and local flow rate revealed a tendency for 

this species to favour greater flow environments (Chapter 3). Other studies have indicated that 

water movement is a principal factor determining amphipod community structure (Fenwick, 

1976, Karez and Ludynia, 2003). For example, the amphipod community associated with the 

algae, Caulerpa browniie, was characterised by high species dominance and low diversity at 
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sites exposed to greater wave activity and low species dominance and high diversity at more 

sheltered sites (Fenwick, 1976). Indirect effects such as the degree of local sedimentation 

were suggested to be partially responsible for the patterns observed (Fenwick, 1976). 

However, species specific flow preference may also be important in determining amphipod 

presence (Karez and Ludynia, 2003). The underlying community composition may also affect 

amphipod recruitment by providing essential structures to attach to the underlying substrate 

(Norderhaug, 2004, Shucksmith, 2007). It is probable that the presence of such attachment 

options may become increasingly important at greater flow rates. 

 

The complex interactions between flow and sessile benthic invertebrates have been studied 

for a variety of species (Wildish and Kristmanson, 1997). However, to date, little detailed 

work has been conducted on the response of marine amphipods to variations in the local flow 

environment (Grant, 1980). To validate and better understand why the probability of 

amphipod presence was found to be affected by local flow rate in Chapter 3, a flume was 

designed and constructed to investigate various behavioural responses of epibenthic 

amphipods under elevated flow within natural boundary conditions (see Chapter 4). It was 

hypothesised that amphipod behaviour would be principally affected by the flow 

environment. In a boundary layer, drag, which is a combination of pressure differences and 

skin friction, is proportional to the cube of the velocity and is likely to be increased with 

greater turbulence (Vogel, 1994). Amphipod behaviour, such as feeding activity may be 

modified by the degree of drag that an individual experiences (Wildish and Kristmanson, 

1997). Moreover, behaviour could be adjusted by the individual to reduce the overall drag 

experienced for a given flow rate. For example, the use of a ‘parallel’ posture behaviour in 

caprellids exposed to strong wave action or high-flow, allows these species to attach strongly 

to the underlying substrate by reducing the drag experienced by individuals (Guerra-García, 

2001). Whether passive or active, the suppression of common behaviours under high-flow 

regimes gives insights into the mechanisms that may restrict a species range or fitness in a 

particular environmental niche (Wildish and Kristmanson, 1997). For example, amphipod 

species that can tolerate high-flow environments may utilise dispersal vectors such as vessel 

hulls more effectively (Coutts et al., 2010). Such vectors have been demonstrated to play a 

key role in the translocation of NNS (Wasson et al., 2001, Gollasch, 2002). For example, 

results from one study in the North Sea area showed that 96% of species identified on the 

hulls of 131 ships visiting German ports were classed as non-native to the area (Gollasch, 

2002). 
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A reliable population source of Jassa herdmani found previously on navigation buoys, was 

not available for this study. However, the ecologically similar amphipod Jassa marmorata 

was. This was advantageous as this species was non-native to the Northeast Atlantic (Pilgrim 

and Darling, 2010), and a more aggressive coloniser of artificial substrate than ecologically 

similar native species, including Jassa herdmani (Beermann and Franke, 2012). Moreover, 

Jassa marmorata is known to prefer environments with moving water (flow rate not given) 

(Karez and Ludynia, 2003). Likewise, C. mutica has been introduced to many parts of the 

world, including the UK (Ashton et al., 2007a), and may benefit from modest flow rates 

(approximately 20cms-1) (Boos et al., 2011). Furthermore, C. mutica is a more aggressive 

coloniser of artificial substrata than its ‘local’ ecological counterpart (Shucksmith et al., 

2009). Jassa marmorata has been observed in abundance on off-shore wind pilings, ship 

wrecks and in harbour areas (Franz, 1989, Kerckhof et al., 2011, Beermann and Franke, 

2012), whilst, C. mutica, has been observed in abundance on aquaculture and oil-related 

infrastructure, as well as in harbours, marinas and on navigational aids (Page et al., 2006, 

Woods, 2009, Boos et al., 2011) (see Chapter 3). Both C. mutica and J. marmorata are 

predominantly filter feeding detritivores capable of using surrounding flow for filter feeding 

(Dixon and Moore, 1997, Armsby and Tisch, 2006, Boos et al., 2011). Given these 

observations, it is highly probable that both these species will rapidly colonise MREDs. 

However, it remains unclear how these ecologically similar species will behave and interact 

with each other, particularly when subjected to the varying rates of water movement that are 

experienced across the range of renewable energy technologies.  

 

In natural systems the flow experienced by amphipod individuals will be subject to a high 

level of spatial and temporal variation. Interactions between complex benthic architecture and 

moving water will increase the heterogeneity of the flow environment (Gaylord, 2000, 

Johnson, 2001, Ferrier and Carpenter, 2009, Friedrichs and Graf, 2009). Moreover, the flow 

environment will be further complicated by temporal changes in the speed and direction of 

tidal and wave driven flows (Nowell and Jumars, 1984, Wildish and Kristmanson, 1997). 

Amphipods may use swimming and/or exploring behaviour to locate more suitable flow 

environments as any reduction in individual fitness, as a result of suboptimal flow conditions, 

may be improved where an individual chooses, or has the option to move to a more ‘suitable’ 

niche (Karez and Ludynia, 2003). An ability to either cope with all likely prevailing flow 

conditions, or actively select more suitable flow environments, may indicate the importance 

of flow heterogeneity in maintaining populations of marine amphipods and as yet this has 

received little attention. Adult C. mutica are larger (11.5 – 17.5 mm) than adult J. marmorata 

(6.1 – 11.8 mm) and are less compact in body form (Cook et al., 2007, Scinto et al., 2007). 
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Moreover, females of both species tend to be smaller (Cook et al., 2007, Scinto et al., 2007). 

As larger amphipods may experience greater drag, adult male C. mutica may experience the 

greatest drag effects (Shields et al., 2011). Moreover, male Caprella mutica have a tendency 

to be less philopatric than females, dispersing more successfully from source populations 

(Ashton, 2006). Therefore, it is reasonable to assume that any increased exploratory response 

observed in adult C. mutica exposed to stressful flow conditions would be most likely 

observed in larger male individuals. Given appropriate cues, amphipods, in this case 

individual adult male C. mutica, may be more likely to explore under conditions of greater 

flow heterogeneity when exposed to potentially stressful flow environments.  

 

As discussed previously (see Chapter 1), facilitative processes may play an increasingly 

significant role in structuring the communities inhabiting artificial structures placed in high 

energy environments (Menge and Sutherland, 1987, Simberloff and Von Holle, 1999, Bruno 

et al., 2005). For example, non-native mussel species may perform better under high 

hydrodynamic stress where native species facilitate their survival through increased 

attachment strength (Rius and McQuaid, 2009). Assuming appropriate attachment options are 

present non-native amphipod populations may benefit from boundary layer effects created by 

complex architecture typical of benthic communities (Gambi et al., 1990, Vogel, 1994, 

Friedrichs et al., 2000, Johnson, 2001, Hendriks et al., 2006). The potential for facilitative 

processes between the recipient community and a population of C. mutica was investigated by 

comparing the survival probability of individuals on flat artificial substrate with abundant 

attachment options and an established native fouling community under similar flow regimes. 

Conversely, competitive interactions between species, for example, aggressive behaviours 

observed between amphipod species, may result in the competitive displacement of some 

species (Shucksmith et al., 2009). The behaviours responsible for such competitive 

interactions are likely restricted by the degree of drag experienced by the individuals (Denny 

et al., 1998). Therefore, potential displacement activity between two dominant amphipods 

should be evaluated in the context of the environmental constraints. In this case, the 

surrounding flow environments experienced by the amphipods. 
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In order to obtain a better understanding of the processes governing the abundance of key 

amphipods, with respect to water flow, a series of flume experiments were conducted to 

investigate the following hypotheses:  

 

• H0: Basic behaviours for C. mutica and J. marmorata are unaltered by elevated flow 

and species behaviours are similar at all flow speeds. 

 
• H0: Prolonged attachment probability to an artificial panel with suitable attachment 

options is the same for C. mutica and J. marmorata under different flow rates, 

densities and species treatments (single or mixed).  

 
• H0: Prolonged attachment is the same for C. mutica on an artificial complex surface 

and a well-developed biofouling community at a range of flow speeds. 

 

• H0: Exploration probability for C. mutica exposed to stressful flow conditions is the 

same in the presence and absence of a horizontal gradient in flow rate.  

 

5.2 Materials and Methods 

5.2.1 Specimen collection and husbandry 

Caprella mutica and Jassa marmorata were collected from Dunstaffnage fish-farm and 

Linnhe marina (56° 27’03.51”N: 5° 27’56.90”W and 56° 35’10.86”N: 5° 22’49.56”W, 

respectively), by removing in-situ fouling communities from submerged infrastructure. The 

two species of amphipod were kept separately in two large aerated aquaria (100 litres), each 

with a high-flow (7 l/min) through of non-filtered seawater. Aquaria were maintained at 

ambient seawater temperature and under a controlled day/night cycle (12 hours light / 12 

hours dark).  Amphipods were fed daily on a diet of 24 g of commercial planktonic feed 

(®gamma foods, Tropical Marine Centre Ltd., UK), which has previously been demonstrated 

to support survival and growth in C. mutica (Boos, 2009).  
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5.2.2 The flume apparatus 

A 3.5 m fibreglass biological flume, capable of flow rates up to 1.5 ms-1 was used to 

investigate the behaviour of individuals belonging to two amphipod species at elevated water 

flow rates (Figure 4.6). An interchangeable plate was placed into the flume, 1.95 m 

downstream from the last collimator at a depth of 0.25 m. The upper channel was 0.30 m 

wide, which reduced the interaction of lateral boundary layers with the test panel. The flume 

flow characteristics were examined using an Acoustic Doppler Velocimeter (ADV), (Nortek, 

Vectrino, Norway). Free-stream flow speed was controlled by a frequency inverter, which 

controlled the speed of an internal propeller (see Chapter 4). The approximate flow speeds 

that amphipods experience at differing motor frequencies were determined by characterising 

flow at a height of 0.005 m from the flume bed. Free-stream velocity measurements were 

taken from 0.15 m height from the flume bed and are quoted throughout this chapter. Water 

temperature within the flume was maintained at ambient seawater temperature (11.0 - 14.5 

°C) by extracting water at the mechanical end of the flume and pumping it through a 

temperature control unit (®Teco chiller, TR15, Loughborough). The salinity of seawater was 

measured using a recirculation monitoring system (YSI 5200, Letchworth) which sampled at 

an hourly rate. Mean salinity of seawater was 32.2 psu (± 1.07 SD) over the experimental 

period. 

 

5.2.3 The experimental environment 

A 22 x 30 cm plastic plate was assembled that could be screwed flush to the bottom of the 

flumes upper channel (Figure 5.1A). Onto this a 10 x 10 cm 3D printed polyamide test panel, 

was fixed towards the rear of the plate (Figure 5.1A) (CRDM LTD, Wycombe Sands). The 

test panel (3 mm thick) was produced using computer aided design and printed with a raised 

(1 mm) rectangular network covering the surface. This surface was printed to replicate early 

stage colonisation of benthic communities producing suitable attachment options for the 

amphipods. The flow conditions that would be experienced by amphipods on the test panel 

were determined by the production of ADV time series measurements taken at 5 mm height 

from the surface (as experienced by the amphipods studied).  
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Figure 5.1: A) The plate with test panel (red square) which was added before every experiment. 

B) The enclosure used to restrict the movement of amphipods before the experiment began. 

 

A clear acrylic enclosure with a silicon seal that fitted neatly over the panel was used to 

contain the amphipods on the test panel until the experiment was initiated (Figure 5.1B). The 

enclosure also meant that all individuals remained submersed in water during the 

experimental setup and by encouraging individuals into a small hole at the top of the 

enclosure ensured amphipods were transplanted onto the surface with minimal interference. 

Once amphipods were transplanted to the flume apparatus, the plate was secured by screwing 

down three stainless steel bolts. Amphipods were observed to settle quickly (<1 min) 

swimming and exploring at a considerably reduced rate after initial disturbance. For all 

experiments, amphipods were given 5 minutes to acclimatise prior to initiating the 

experiment. 

 

5.2.4 Individual behavioural changes with accelerated flow 

Single adult male and female J. marmorata and C. mutica were placed individually within the 

flume experimental set-up and observed over a 50 minute period. Free-stream velocity was 

increased every 2 minutes by approximately 0.05 ms-1 and the presence of specific behaviours 

(Table 5.1), previously observed to be common to low flow rates, were recorded for each two 

minute observation period at flow rates ranging from 0 ms-1 to 1.20 ms-1. The specific 

A B 
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behaviours common to low flow rates for both species included: a body orientation facing 

incoming flow, the occurrence of feeding activity, exploration of the test panel surface, 

standing and swimming. The acrylic enclosure was removed after the end of the first 

observation period (0 ms-1 flow). Once an individual had been observed for the experimental 

period, the motor frequency was set to its maximum of 60 Hz, which produced a turbulent 

flow with a velocity of ~1.5 ms-1. The recovery of low flow behaviours were recorded after 

exposure to maximum flows to ensure no long lasting negative effects had taken place. 

 

Thirty and thirty-three replicates for C. mutica and J. marmorata respectively were carried 

out ensuring that a minimum of 10 individuals for each sex and species remained on the panel 

for the full 50 minute period. All individuals were preserved in 70% alcohol and later 

photographed to determine body length to the nearest 0.1mm using the image analysis 

software, Image J (http://rsbweb.nih.gov/ij/). C. mutica measurements were taken from the 

head to the end of pereonite VII (Shucksmith, 2007). J. marmorata were measured from the 

rostrum to the telson (Armsby and Tisch, 2006). 

 

 

For each individual and for each observation period the presence of a particular behaviour 

was recorded. These binary data were fitted to a logistic regression mixed-effect model using 

individual as random effect variable (R Development Core Team, 2012). This accounted for 

Table 5.1:  Specific behaviour recorded for each observation period. A clear distinction was 
made between the presence and absence of each behaviour 

Behaviour Description Present Absent 

Facing flow 

As flow increased, 
individuals were 

observed spending 
relatively more time 
with their posterior 

end facing the 
direction of flow. 

 Individuals faced 
forwards or sideways to 

direction of flow. 

 
Individuals faced backwards to 

direction of flow 

Feeding 

As flow increased 
individuals were 

observed passively 
feeding less with both 

large and small 
antennae. 

Individuals cleaning their 
antennae with their mouth 

parts. 

Individuals failed to clean their 
antennae with their mouth parts. 

Exploring 

As flow increased 
individuals spent less 
time exploring their 

surroundings. 

Individuals moved more 
than a body length in any 

direction. 

Individuals failed to move more 
than a body length in any direction. 

Standing 

At low flow, 
individuals were 

observed standing 
upright.  

Individuals positioned 
their body in an upright 

posture. 
Individuals were not upright. 

Swimming 

At low flow rates, 
individuals 

deliberately swam 
from the panel. 

Individuals swam during 
the observation period. 

Individuals did not swim during the 
observation period. 
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non-independence of data collected from the same individual (Zuur et al., 2009). The general 

form of the model was: 

 

� = ������ = 	
 + 	�	�� + �� 

 

Where β0 is the intercept, βn and Xn are the effects of the covariates, and ρi is the random 

effect defined as ρi ~ N(0,σ2). Probability of amphipod presence can be calculated by 

�� �ℎ�!��"�	��������� = ��/�1 + ���. All available fixed effect explanatory variables 

were added to the original model. Model fit and selection was made possible by using Akaike 

information criterion (AIC) and Bayesian information criterion (BIC) (Bolker et al., 2009, 

Zuur et al., 2009). The final model was fitted by the Laplace approximation method. Model 

validation, included checking a histogram of Cook's distances for influential data points and 

comparing calculated leverage threshold and estimated model leverage was conducted. 

Variance inflation factors were calculated to check for co-linearity between the predictor 

variables (Quinn and Keough, 2002), and none of these indicated obvious influential cases or 

outliers. 

 

5.2.5 Amphipod interactions under differing flow regimes 

Adult J. marmorata individuals were selected at random from large populations maintained in 

aquaria (as described in Section 5.2.1). Adult C. mutica and J. marmorata individuals were 

selected at a sex ratio of 1:1. Although this was divergent from the naturally occurring larger 

numbers of adult females reported for both species (Ashton, 2006, Scinto et al., 2007), this 

ratio reflected the likely bias that randomly selecting larger adult individuals of J. marmorata 

from a population whose male individuals are larger than females and whose female 

individuals are difficult to sex without great disturbance. It was assumed a bias toward 

selecting larger more aggressive males would strengthen any intra-specific or inter-specific 

interactions. For the low density treatment, initial adult densities of C. mutica and J. 

marmorata were maintained at 40 individuals per test panel based on reported average peak 

densities of approximately 10,000 individuals m-2 (Ashton, 2006, Scinto et al., 2007, 

Shucksmith, 2007, Boos, 2009). High density treatments for both species were double that of 

the initial density, with 80 individuals per test panel. This allowed for any intra-specific 

interactions within each species to be assessed. The final mixed species treatment, employed 

40 individuals from both species allowing for any inter-specific interaction to be assessed 

with an overall density of 80 individuals per panel.  
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Once placed in the enclosure, populations were given 5 minutes to settle prior to the initiation 

of the experiment. Populations were exposed to three flow rates (20 cms-1, 50 cms-1 and 100 

cms-1). These flow rates were chosen, as any variation in flow-dependent behaviour (see 

Section 5.2.4) would be well represented across these chosen speeds based on previous 

experiment. Flume experiments were performed over a period of 2 hours. This corresponded 

approximately to the length of time that a particular location would be exposed to high-flow 

conditions (rule of thirds in a semi diurnal tidal cycle) on the west coast of Scotland. The 5 

treatments were replicated 5 times for each of the three flow speeds. Any individuals that 

were lost as the enclosure was removed were recorded. The percentage of individuals lost 

from the test panel at this point was <22.5% of the initial population (typically 2.4% and 

8.10% for C. mutica and J. marmorata, respectively). The proportion of individuals 

remaining on the test panel after a two hour period was calculated from the corrected initial 

densities.  

 

Logistic regression was used to determine which covariates influenced the probability that 

amphipods would maintain themselves on the experimental panels (R Development Core 

Team, 2012). Explanatory variables included; species (2 levels [C. mutica and J. 

marmorata]), density (2 levels [High and Low]), species treatment (2 levels [single and 

mixed]) and free-stream flow speed (continuous). Model fit and selection was made possible 

by using ANOVA  (Zuur et al., 2009). Model validation included checking a histogram of 

Cook's distances for influential data points and comparing calculated leverage threshold and 

estimating model leverage. Variance inflation factors were calculated to check for co-linearity 

between the predictor variables (Quinn and Keough, 2002), and none of these indicated 

obvious influential cases or outliers. 

 

5.2.6 Investigating the probability of survival of Caprella. mutica on a naturally fouled 

experimental panels under differing flow regimes  

Fifteen 6 mm thick steel panels (0.3 x 0.22 m) were attached to three backing boards (3 x 0.2 

x 0.01 m, acrylic) and suspended from Oban Marina (56° 25’05.44”N: 5° 29’51.27”W) in 

April 2010 at a depth of 1 m (facing northeast). Panels were pre-drilled with 6 mm holes in 

each corner for attachment to the flume (Figure 5.6A) and were painted with two coats of 

Interprotect Primer (International®, Gateshead), and one coat of Intersheen (International®, 

Gateshead) used by the Northern Lighthouse Board to maintain their navigation buoys (Figure 

5.2A). The panels were retrieved in August 2012, 28 months after deployment for use in this 

study, and had been colonised by a well-developed biofouling community, principally 

dominated by ascidians and red filamentous algae (Figure 5.2B).  
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Adult C. mutica individuals were selected from large populations maintained in aquaria at 

SAMS (see section 5.2.1). Individuals (n=266) were added at a sex ratio of 1:1 to each panel 

to maintain equivalent low densities to those on the smaller 3D printed test panels (n=40) 

used in section 5.2.5. Once placed in a large enclosure, similar to the enclosure used for the 

smaller artificial test panel, populations were given 5 minutes to settle prior to initiating the 

experiment. Populations were exposed to three flow rates (20 cms-1, 50 cms-1 and 100 cms-1) 

for a period of 2 hours. After two hours the enclosure was placed on the steel panel and the 

flume was turned off. The flume was then drained through fine net (0.5 mm) and the panel 

removed before re-filling the flume with fresh-water which was left to stand for 30 minutes. 

The flume was then drained for a second time, rinsed thoroughly and any remaining caprellids 

were collected. This allowed for the number of individuals still on the panel to be accurately 

estimated by subtracting those retrieved from the flume. This experiment was replicated 5 

times for each of the three flow speeds using a different panel each time. The average biomass 

(wet weight) attached to panels was 487 g (± 63.3 g standard error). The average biomass lost 

during the experimental run was 42 g (± 10.8 g standard error). Logistic regression was used 

to determine whether flow speed influenced the probability that amphipods would maintain 

themselves on the experimental panels (R Development Core Team, 2012).  
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Figure 5.2: A) Panel before deployment with the exterior coat of Intersheen (International®, 

Gateshead). B) A typical panel 28 months after deployment at Oban Marina. C) 

5.2.7 Response of Caprella mutica to increased flow heterogeneity 

The exploratory response of individual male C. mutica to a flow gradient was investigated 

using a modified collimator spanning across the flume (Figure 5.3A). This collimator was 

designed to create a steep gradient of high-flow within the centre of the flume that decreased 

rapidly towards each side of the flume. This was achieved by layering differing amounts of 

loosely woven fabric between two aluminium collimators (144 mm2 holes). Three centimetres 

downstream of the collimator, a two centimetre strip of fine foam mesh was placed across the 

A 

B 
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flume channel on a laminated sheet (Figure 5.3B). The mesh was separated by a 10 mm gap 

in the centre of the channel creating two separate strips each stretching from 5 to 90 mm from 

the centre of the channel. A separate collimator, without any fabric was employed as the 

control. To characterise flow along each strip, flow measurements were made using a 

horizontal facing Acoustic Doppler Velocimeter which pointed upstream into the oncoming 

flow (10 mm height above strip) (ADV) (Nortek Vectrino+, Norway) (see Chapter 4 for 

methods).  

 

 

 

 

 

 

 

 

 

 

Figure 5.3: A) Looking up-stream: Fabric mesh was laid in successive layers and positioned 

between two attached aluminium collimators to produce a steep gradient in flow. B) From 

above: The laminated plastic sheet with two strips of fine foam meshes which were attached to 

the laminate. Note the forward facing ADV used to characterise flow across the strip. 

 

Single adult male C. mutica (> 25 mm) were individually placed on the third of the strip 

which was closest to the centre of the flume, using a small glass enclosure with a diameter of 

40 mm (average distance at start was 27 mm from centre). Individuals were given five 

minutes to settle prior to initiating the flume run and removal of the enclosure. At this point, 

the flow speed was increased to ‘high’ flow (approximately 50 cms-1 free-stream velocity 

where the animals were located) for a five minute period. This high-flow period ensured that 

subsequent exploration was not an artefact of enclosure removal. After a period of high-flow, 

the flow rate was reduced to approximately 10 cms-1 (10 mm height above the strip). 

Individuals were now exposed to a reduced flow rate where movement was possible and 

subjected to either a strong gradient or a homogenous flow rate along the strip (control) 

(Figure 5.5). The distance of individuals from the centre of the flume at the start and end of 

the observation period (10 minutes) were recorded. Individuals, which moved along the ‘strip’ 

towards the side of the flume during the observation period, were recorded as exploring. 

Similarly, individuals which swam away from the strip were recorded as swimming and the 

B A 
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elapsed time from the start recorded. A total of 80 individuals were tested, 40 exposed to a 

gradient and 40 to a control. 

 

Data were fitted to a generalised linear model with a binomial distribution to determine 

whether the presence of a gradient influenced the probability that an individual would explore 

and/or swim, i.e. move to a lower flow environment (R Development Core Team, 2012). 

Model fit and selection were performed using ANOVA  (Zuur et al., 2009). Model validation 

included checking a histogram of Cook's distances for influential data points and comparing 

calculated leverage threshold and estimating model leverage. Variance inflation factors were 

calculated to check for co-linearity between the predictor variables (Quinn and Keough, 

2002), and none of these indicated obvious influential cases or outliers. 

5.3 Results 

5.3.1 Individual behavioural change with accelerated flow 

Principal flow speeds on the surface of the test panel were significantly lower and more 

turbulent than free-stream measurements (Figure 5.4). When free-stream flow speed was 

increased the probability that C. mutica and J. marmorata would face the prevailing current, 

feed, explore and stand, was significantly reduced (P<0.0001) (Figure 5.5 and 5.6) (Annex 3). 

When comparing the behavioural response of each species to elevated flow J. marmorata did 

not respond as adversely to elevated flow. The probability that individuals would be observed 

facing the prevailing current, feeding and exploring at higher flows was greater for J. 

marmorata than C. mutica (P<0.0001) (Annex 4). However, C. mutica had a greater 

probability of standing at elevated flow speeds than J. marmorata (P<0.0001) (Annex 4).  

 

General observations of amphipod behaviour revealed that increased flow above 

approximately 30 cms-1 for C. mutica and approximately 50 cms-1 for J. marmorata affected 

body orientation in two stages. Firstly, individuals would move from predominantly facing 

forwards with erect antennae to facing backwards with their antennae oriented with the flow 

and twisted out to capture passing particles. As flow rates were increased further 

(approximately 50 cms-1 for C. mutica and approximately 70 cms-1 for J. marmorata), 

individuals of both species would then move their antennae to be perfectly streamlined with 

their body. These changes in body and antennae orientation did not appear to affect the 

individual’s ability to feed. However, at high-flow rates (approaching 100 cms-1 for C. mutica 

and 120 cms-1 for J. marmorata) individuals were significantly less likely to clean their 

antennae. In all cases, individuals stopped feeding with their large antennae, before ceasing to 

feed with their small antennae. 
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Caprella mutica and J. marmorata individuals that explored were more likely to be facing the 

flow (P=<0.0001 and 0.0004, respectively) (Annex 3). Furthermore, Caprella mutica 

individuals that were not feeding or standing were more likely to be exploring (P=0.0482 and 

0.0421, respectively) (Annex 3). Similarly, J. marmorata individuals that were not feeding 

and facing the flow were more likely to be exploring (P=0.0386 and <0.0001, respectively) 

(Annex 4). Whilst, J. marmorata individuals that were feeding were less likely to be facing 

the flow (P=0.0014) (Annex 3). C. mutica males were more likely to be standing than females 

(P=0.0145) (Annex 3). No other gender, or body size, related effects on behaviour were 

observed for either amphipod species. 

 

 

 

Figure 5.4: ADV time series measurements taken at 5 mm height (experienced by the amphipod) 

and 150 mm height above the flume bed (free-stream velocity). Velocity component y (red line) is 

the principal velocity component. Velocity component z (green line) and x (blue line) are the cross 

flow and vertical flow components retrospectively. Deviation in flow speed is represented by the 

standard deviation of each velocity component and is proportional to turbulences.  
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Figure 5.5: A contour illustration of the 

probability for behaviours against free-

stream flow speed (cms
-1

) and body 

length (mm).This figure represents the 

generalized linear mixed model output (see 

Annex 2) including body size. High 

probability (pink), low probability (blue). 

(*) represents a significant trend for that 

explanatory variable. 

 

 

 

 

 

 

 

 

 

 

Probability of C. mutica facing flow Probability of J. marmorata facing flow 

Probability of C. mutica feeding Probability of J. marmorata feeding 

Free-stream flow (cm s-1) (*) Free-stream flow (cm s-1) (*) 

Free-stream flow (cm s-1) (*) Free-stream flow (cm s-1) (*) 
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Figure 5.6 continued: A contour 

illustration of the probability for 

behaviours against free-stream flow 

speed (cms
-1

) and body length (mm). 

This figure represents the generalized 

linear mixed model output (see Annex 2) 

including body size. High probability 

(pink), low probability (blue). (*) 

represents a significant trend for that 

explanatory variable. 

 

 

Probability of C. mutica exploring Probability of J. marmorata exploring 

Probability of C. mutica standing Probability of J. marmorata standing 

Free-stream flow (cm s-1) (*) Free-stream flow (cm s-1) (*) 

Free-stream flow (cm s-1) (*) Free-stream flow (cm s-1) (*) 
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Many J. marmorata and C. mutica individuals responded to low flow (<15 cms-1) by making 

a deliberate decision to leave the panel by swimming (36 % and 30 % for J. marmorata and 

C. mutica, respectively). The probability that C. mutica and J. marmorata would swim from 

the panel, once the enclosure was removed reduced significantly at greater flow speeds 

(P=0.003 and 0.0006 for C. mutica and J. marmorata, respectively) (Table 5.2). The 

probability of swimming was not significantly higher for either species (P=0.651) and was not 

affected by gender for both amphipod species (P=0.131 and 0.401 for C. mutica and J. 

marmorata respectively). 

 

Table 5.2: Summary of the primary model outputs for estimating the probability of individual 

swimming (glmer).  

 

5.3.2 Amphipod interaction experiment 

Flow speed and density were not found to have a significant effect on the probability that an 

individual would remain on the test panel (P=0.3322, 0.8705 respectively), therefore, these 

variables were removed from the model during optimisation. The final model included 

species type and species treatment (single: one species present or mixed: both species 

present). Jassa marmorata had a significantly reduced probability of remaining on the panel 

compared to C. mutica across all species treatments (P<0.0001) (Table 5.3). Caprella mutica 

individuals had an estimated 96% probability of remaining on the panel during the 

experiments, whereas J. marmorata had an estimated 69% probability of remaining on the 

panel. Continued attachment to the panel was less likely under a single species treatment than 

when both species were present (P=0.020). Individuals remaining on the panel under a single 

species treatment had an 81% probability of remaining on the panel compared to an 86% 

probability under a mixed species treatment. 

 

Fixed effects Slope Standard Error z value P value

(Intercept) -1.9869 0.4456 -4.459 <0.0001

Free-stream flow (ms
-1

) -0.1094 0.0369 -2.968 0.0030

AIC = 74.72 REV<0.0001

Fixed effects Slope Standard Error z value P value

(Intercept) -2.0041 0.3941 -5.085 <0.0001

Free-stream flow (ms
-1

) -0.0841 0.0245 -3.435 0.0006

AIC = 99.21 REV<0.0001

Factors affecting 

probability of J. 

marmorata swimming

Factors affecting 

probability of C. mutica 

swimming
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Table 5.3: Summary of the primary model outputs for estimating the probability of continued 

attachment.  

 

 

5.3.3 The effect of flow speed on the probability of Caprella mutica continued attachment 

(survival) on natural biofouled panels. 

The survival probability for C. mutica in differing flow regimes was unaffected by gender 

(P=0.199), and therefore was removed during model optimisation. The survival probability 

for C. mutica on the natural fouled panel was significantly affected by flow velocity 

(P=0.0009) (Table 5.4). The mean percentages of the population remaining at each flow speed 

were 97.9, 96.2 and 90.6 % (20 cms-1, 50 cms-1 and 100 cms-1 respectively). 

 

Table 5.4: The summary of the primary model outputs for estimating the probability of 

recruitment. 

 

 

5.3.4 Flow gradient behaviour experiment 

A steep gradient of flow ranging from ~16 cms-1 (10 mm height above strip), to <1 cms-1 (10 

mm height above strip), was produced by the modified collimator (Figure 5.7). The control 

collimator produced a homogeneous flow speed along the strip (~11 cms-1) (Figure 5.7). 

Turbulence levels were greater when using the collimator design to produce a gradient. The 

highest flow in the centre of the flume (10 mm height above strip) corresponded to previous 

observations (free-stream flow speeds quoted), where C. mutica behaviour, common to lower 

flow environments, started to become suppressed. 

 

 

 

 

 

Fixed effects Slope Standard Error z value P value

(Intercept) 3.5241 0.2524 13.960 <0.0001

Species (J. marmorata ) -2.4089 0.2149 -11.210 <0.0001

Species treatment (Single) -0.4565 0.1926 -2.370 0.0200

Factors affecting 

probability of amphipod 

survival on test panel

Fixed effects Slope Standard Error z value P value

(Intercept) 4.2138 0.3751 11.233 <0.0001

Free-stream flow rate ms
-1 -0.0194 0.0046 -4.232 0.0009

Factors affecting 

probability of amphipod 

survival
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Figure 5.7: The flow speed taken 10mm above each strip at increasing distances from the centre.  

Flow speed is represented by the mean y component (principal axis of flow in the flume) of flow. 

Variation is illustrated by the root-mean squared of y’. 

 

There was no evidence that the probability that individuals would explore was greater in the 

presence of a gradient than in the control environment (P=0.9427) (Table 5.5). Individuals 

that did explore (61%) in the direction towards the lower flow environment were more likely 

to subsequently swim away from the strip (P=0.0124). Individuals that swam were more 

likely to swim in the presence of a gradient (71%) than the control environment (48%) 

(P=0.0422) where there was no gradient. 

 

 Table 5.5: Summary of the primary model outputs observing exploring behaviour with and 

without flow gradient. 
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Fixed effects Slope Standard Error z value P value

(Intercept) 0.0741 0.3953 0.187 0.8514

Gradient present -0.0369 0.5135 -0.072 0.9427

Swimming 1.2834 0.5134 2.500 0.0124

Factors affecting 

probability of C. mutica 

exploring
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5.4 Discussion 

Biological and hydrodynamic processes operating at an individual level can determine the 

overall success of a population as a whole (Fenwick, 1976, Karez and Ludynia, 2003, Murray 

et al., 2012). Both C. mutica and J. marmorata are commonly found on artificial structures 

located in moving water (Karez and Ludynia, 2003, Boos et al., 2011). The findings of this 

study demonstrated a clear behavioural response to elevated flow in both species. The 

observed difference in behavioural response to elevated flow suggested J. marmorata was 

more tolerant to elevated flow speeds than C. mutica. The former species maintained 

behaviours such as facing oncoming flow, feeding and exploring at greater flow speeds than 

C. mutica. For example, the probability of feeding declined to below 91% for C. mutica at 

flow rates above 70 cms-1 and for J. marmorata at flow rates above 110 cms-1. It is worth 

noting that both amphipod species are capable of switching from primarily suspension feeding 

to deposit feeding depending on environmental conditions (Caine, 1977, Karez and Ludynia, 

2003). Generalist approaches to feeding behaviour may reduce the impact of high-flow on 

feeding success. However, reduced exploration rates at higher flows will likely limit the 

potential for surface feeding resources such as diatom populations and detritus to compensate 

for the loss of passive filter feeding opportunities. Jassa marmorata is known to preferentially 

colonise areas with stronger water flow (Karez and Ludynia, 2003), and is perhaps more 

tolerant to high-flow rates because of their more compact body form (Nielsen, 1950, Denny et 

al., 1998, Shields et al., 2011). However, increases in body length do not always lead to 

increased drag forces experienced by individuals as mechanical interactions with flow are not 

always linear (Gaylord, 2000). The body size of both amphipod species had no detectable 

influence on the presence of particular behaviours in this study and was subsequently 

removed during model optimisation.  

 

For animals that fly or swim, orientation strategies to surrounding flow is an important 

energetic consideration (Chapman et al., 2011). For the amphipods tested here, the behaviour 

to turn and face away from the flow may enable them to reduce the drag experienced at 

greater flow rates thus minimising energetic costs. One way to validate this claim would be to 

measure the drag coefficients of animals at different Reynolds numbers at each orientation; 

however, this was not undertaken in this study. Many organisms can alter their body form 

resulting in reduced drag and increased feeding efficiency (Koehl, 1999). For example, 

flexible organisms, such as kelp, may reduce the relative velocity of the surrounding water by 

moving further into the boundary layer, reducing the drag and lift that an individual 

experiences (Denny et al., 1998). Within the genus Caprella species whose body forms are 

characterised by large size (up to 40 mm in length), elongated body somites, a short basis of 
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gnathopod 2 and short pereopods are better able to assume a ‘parallel’ posture (i.e. not 

standing), which allows strong attachment to the underlying substrate when exposed to wave 

action, or tidal currents (Guerra-García, 2001, Guerra-García et al., 2002). Caprella mutica 

individuals in this study were observed using ‘parallel’ posture behaviour in the fast flow 

(>30 cms-1) and standing behaviour in the slower flow. Although omnivorous, C. mutica is 

predominantly a filter feeding detritivore (Boos et al., 2011). Through utilizing greater 

boundary flows during passive filter feeding, C. mutica will likely maintain better feeding 

opportunities whilst standing (Caine, 1977). When standing C. mutica may utilise greater 

flow speeds within the boundary layer to increase capture rates. At very slow flow rates (<5 

cms-1), C. mutica was observed ‘swaying’ where the active movement of their antennae back 

and forth is used to capture food particles at low Reynolds numbers i.e. low flow rates 

(Nauwelaerts et al., 2007).  

 

Perceived ‘bad engineering’ in terms of biomechanical performance can be compensated by 

the ecological strategies that an organism uses to reduce flow (Koehl, 1999). Arguably, the 

diversity of behaviours observed in C. mutica may simultaneously increase its relative 

protection from the greater free-stream velocity during high-flow rates, whilst maximising 

availability of resources by ‘standing’ and/or ‘swaying’ in thicker boundary layers formed at 

slower flow rates (Vogel, 1994). In contrast, given sufficient time Jassa species can build 

tubes from organic material, which create protection from predation and high-flow rates 

(Fenwick, 1976). This, in addition to their greater behavioural tolerance to high-flow rates, 

suggested that Jassa species may have an advantage over other amphipod species, such as 

Caprella species in habitats subject to high-flow. Thus supporting previous findings that J. 

herdmani was more likely to be present on buoys deployed in higher tidal flow areas (see 

Chapter 3).  

 

Caprellid body parts and appendages associated with grasping the substratum, can be 

modified depending on the degree of wave exposure experienced, thus suggesting strong 

ecological plasticity (Caine, 1989). Therefore, even within an individual species, partial 

ecological separation can be achieved by possessing different responses to wave and tidal-

driven flows (Guerra-García, 2001). Large differences exist in the characteristics of wave and 

tidal-driven flows (Nowell and Jumars, 1984) (see Chapter 4 for details). It has previously 

been reported that the native caprellid C. linearis was widespread and abundant on buoys 

located in wave dominated flow environments, whilst C. mutica was abundant in adjacent 

environments characterised by moderate tidal driven flows (Chapter 3). The differences in 

flow environments may in part explain these differences in preferred location and attempts 
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were made to collect C. linearis to compare responses to flow with those of C. mutica. 

However, a reliable population source of C. linearis could not be found for this study. 

 

Hull fouling has been reported to be an important vector for the secondary dispersal of C. 

mutica and other non-native species (Gollasch, 2002, Frey et al., 2009, Boos et al., 2011). The 

capacity of C. mutica to withstand high-flow speeds is essential for this species to utilise this 

vector for dispersal (Coutts et al., 2010). In this context, the fact that the mechanical effects of 

current speed are not proportional to the flow, but to the cube of the velocity is an important 

consideration (Vogel, 1994). For example, a current of 50 cms-1 has an effect that is 15.6 

times as strong as a current of 20 cms-1. Similarly, a current of 100 cms-1 has an effect that is 

125 times as strong as 20 cms-1. The extreme flow speeds produced in the biological flume 

employed caused the behaviour of both species to be highly suppressed. However, both 

species demonstrated the ability to remain attached at flow speeds up to 1.5 ms-1 given 

suitable attachment options suggesting a capacity to utilise hull fouling as a vector for 

dispersal. The long term implications of living in such high-energy flows were beyond the 

scope of this study; however, given the time scale at which most tidal driven currents increase 

and decrease in velocity, it can be assumed that under natural conditions the ability to tolerate 

high-flow need not be constant on MREDs. Flow speeds in the range of 1 ms-1 to 1.5 ms-1 are 

approaching some of the speeds characterising the environment around sites being considered 

for tidal MREDs (BERR, 2008). Hence, both species demonstrate a clear ability to remain 

attached during periods of high-flow. Particularly when taking into account the development 

of large biofouling structures, such as macroalgal canopies, that would likely provide 

additional protection from high tidal driven currents. 

 

In this study, the probability of swimming from the surface structure for both species was 

greatest at low flow rates. Once in high-flow conditions, a reduction in swimming probability 

for C. mutica was observed.  This has previously been observed in other crustacean species, 

such as the mysid shrimp, Neomysis integer (Lawrie et al., 1999). This behaviour provides an 

insight into how species, such as C. mutica may be transported from one area to the next.  If 

non-native mobile crustaceans are less likely to swim from a moving object, even if flow 

conditions are stressful, then individuals may be readily transported prior to an increased 

likelihood of swimming behaviour from the vector to an adjacent ‘structure’, such as a 

pontoon once the vector has slowed and come to a halt. 

 

Not only do benthic organisms have to withstand the forces imposed on them by water 

movement, but in addition they depend on this movement to bring resources such as food and 
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oxygen (Koehl, 1999). Non-linear responses to increased flow have been observed in the 

feeding success of other sessile marine invertebrates (Eckman and Duggins, 1993, Arkema, 

2009). Modest flow (~20 cms-1) may increase feeding success of amphipods through the 

increased delivery of food particles (Dixon and Moore, 1997, Nauwelaerts et al., 2007, Boos 

et al., 2011). However, the deformation of feeding structures at high-flows (approximately 50 

cms-1 for C. mutica and approximately 70 cms-1 for J. marmorata) may have resulted in the 

reduced feeding activity observed in this study. The drag on antennae may have been too 

great for individuals to move their antennae towards their mouth parts (Nauwelaerts et al., 

2007). This would also explain why in all cases, individuals stopped feeding with their large 

antennae, before ceasing to feed with their small antennae. Given adequate time, Jassa 

species are capable of building protective tubes from ‘amphipod silk’ where feeding can take 

place in the relative protection of the tube entrance (Dixon and Moore, 1997). This behaviour 

would almost certainly result in an increased tolerance to flow in this species at the same time 

necessitating high-flow conditions for maximum capture rates. Unfortunately, the current 

experiment was unable to assess the effect of increased water flow on feeding rate as only the 

presence of feeding activity could be investigated in this case. However, previous studies 

have reported flow at moderate levels (~20 cms-1) to be beneficial to both C. mutica and J. 

marmorata (Dixon and Moore, 1997, Boos et al., 2011). Different caprellid species that occur 

together may feed on different particle sizes, as they feed at different heights (Caine, 1977). 

Resource partitioning in this way may explain the co-occurrences of C. mutica and C. linearis 

reported previously (Chapter 3) (Beermann and Franke, 2012). Future work in this area may 

investigate the effect of flow on feeding rate, perhaps looking at the longer term effects of 

suppression by flow. 

 

An attempt was made to discover whether C. mutica would actively seek out lower flow 

velocities when given appropriate environmental stimuli. The findings of this study indicate 

that exploration probability did not differ from a control when given the choice to move from 

a stressful flow environment to an area with slower flow rates. Other aquatic invertebrates, 

such as the mayfly nymph Ephemerella ignite and the mysid shrimp Neomysis integer, have 

been reported to actively select areas of flow refuge to avoid areas of high-flow (Lancaster, 

1999, Lawrie et al., 1999). Moreover, habitat use investigated for caprellid species in North 

Africa found that species showed a preference for different levels of exposure to wave 

generated water flow (Guerra-García, 2001). Given that the probability for exploration was 

similar in the presence and absence of a flow gradient suggested a more generalist approach to 

selecting suitable flow regimes. The high variation in strength and direction of natural flow 

environments may make continuous adjustment unfeasible as this would require frequent 
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exploration and movement. Such adjustments may interfere with other important processes 

such as mating and/or underlying habitat preferences (Boos et al., 2011). Furthermore, low 

flow niche areas may become saturated necessitating high competitive costs. This experiment 

is, however, limited as it draws a conclusion based on one chosen flume setting, which aimed 

to produce the flow speed where C. mutica became stressed but could still explore. It is 

possible that at greater flow speeds, C. mutica may be more likely to respond to a gradient in 

flow. 

 
 
Jassa marmorata was chosen as a test organism for these studies as it was freely available and 

is the more aggressive coloniser of artificial structures across all exposure levels when 

compared to closely related Jassa sp. (Beermann and Franke, 2012). Tube-building in J. 

marmorata is a lengthy process. For example, after ten days of observation, given appropriate 

resources roughly half the population are likely to have built tubes (Ulrich et al., 1995). 

Therefore, it is likely that J. marmorata and C. mutica will interact on artificial structures 

regardless of this species’ tube-building behaviour in the early stages of colonisation. 

Differences in water flow preferences amongst amphipods may have a significant influence 

on the ecology and habitat preferences of ecologically similar species (Guerra-García, 2001, 

Karez and Ludynia, 2003). In this study, competitive interactions between ecologically 

similar amphipod species were investigated under a range of flow regimes and the results 

indicated that there was no evidence for a strong negative interaction between C. mutica and 

J. marmorata. Differences in resource utilisation, substrate preferences and flow tolerance 

may be responsible for aiding their co-existence (Beermann and Franke, 2012). Interspecific 

aggressive behaviour, which was assumed to result in the displacement of one species, has 

been observed between C. mutica and C. linearis (Shucksmith et al., 2009). In the current 

study the restriction of movement at high-flow rates may have resulted in the reduction of 

aggressive behaviour in more stressful flow environments. However, there was no evidence 

for the displacement of one species by the other under any flow regime tested. Similar results 

have demonstrated that within the genus Jassa, interspecific competition did not preclude the 

settlement of either J. marmorata or J. falcata (Karez and Ludynia, 2003). Although 

aggressive behaviour was observed in this study, particularly between individuals of the same 

species, a low response between individuals belonging to the same genus may partly explain 

the high tolerance to each other demonstrated by both C. mutica and J. marmorata. It had not 

been anticipated that the continued attachment to the plate was slightly higher under mixed 

species treatments. Facilitation of one species by the other through the alteration of the flow 

environment is unlikely as flow rate did not affect recruitment probability. 
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Drift, which is the movements of individuals downstream from a source population, has been 

observed in a number of amphipod species (Grant, 1980, Havermans et al., 2007) and 

functions as an important dispersal mechanism. This is particularly important as amphipods 

lack planktonic larva stages (Ashton, 2006, Havermans et al., 2007). In this study, the 

probability of continued attachment was lower for J. marmorata than C. mutica suggesting a 

natural tendency for J. marmorata to drift and relocate downstream. This finding was 

unaffected by flow-rates investigated, gender and density. Active drift in other amphipod 

species is also unaffected by gender and density, suggesting drift plays no obvious function in 

reproduction (Grant, 1980, Havermans et al., 2007). The behaviour pattern of swimming to 

the surface and drifting is common in Jassa species and is presumably an adaptive trait to find 

suitable vegetation/substrate (Havermans et al., 2007). The data reported in Chapter 3 

partially support this argument as Jassa herdmani were more likely to be present on newly 

deployed navigation buoys demonstrating an effective dispersal mechanism.  

 

Amphipods have complex interactions with their underlying substrate (Hacker and Steneck, 

1990). For example, high sedimentation rates were important for J. marmorata presence due 

to the requirement of resources for tube building activities (Conradi and López-Gonzaléz, 

2001). An alternative reason for greater drift amongst J. marmorata individuals in this study 

may have been based on habitat preference or lack of suitable resources for tube building. In a 

previous study, drifting frequency was greater when Jassa herdmani individuals were placed 

on artificial structures and did not reside in tubes (Havermans et al., 2007). The percentages 

of C. mutica populations remaining on the natural biofouled panel at each flow speed were 

97.9, 96.2 and 90.6 % (20 cms-1, 50 cms-1 and 100 cms-1 respectively). This was very similar 

to the mean percentages of the population remaining on the artificial printed panel (94.8, 95.8 

and 97.1 per-cent for 20 cms-1, 50 cms-1 and 100cms-1 respectively). The similarity between 

the percentages remaining on the artificial and natural biofouled panels suggested that C. 

mutica responded in a similar way to both natural and artificial environments. However, a 

small, yet significant reduction in the attachment probability on natural biofouled panels was 

observed with increased water flow rate. A similar reduction in attachment probability with 

increased flow was not observed on the artificial printed panels. This suggested that natural 

biofouling communities used in this study were either less endowed with attachment features 

or complex flow pattern around biofouling structures could have left some individuals more 

exposed to faster more turbulent flows. In any case, these observations support previous 

findings that small structural elements (1 mm) aid C. mutica attachment to the underlying 

substrata (Shucksmith, 2007), however, given suitable attachment options high flow rates may 

still reduce the probability of continued attachment of C. mutica to native biofouling 
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communities. Nevertheless, the observed capacity for C. mutica to utilise very small structural 

elements to remain attached for long periods of time under very fast flow may explain the 

ecological success of this taxon, as the ability to utilise vectors for dispersal (i.e. hull fouling) 

that experience high flow rates will almost certainly aid the spread of this NNS (Murray et al., 

2012). 

 

In conclusion, this study set out to determine whether common behaviours for C. mutica and 

J. marmorata were altered by elevated flow rates and whether species behaviours were 

similar at all flow rates. The finding of this study found that C. mutica and J. marmorata 

behaviour was suppressed at flow rates approaching those necessary for tidal energy 

extraction. However, Caprella mutica individuals were less tolerant to high-flow than J. 

marmorata individuals. The fact that both species are able to cope with high-flow rates does 

suggest a capacity to withstand periods of high water flow necessary for secondary dispersal 

and to occupy lower energy niche areas on tidal energy devices. However, experimental 

results from this Chapter support previous findings that C. mutica will be less likely to 

colonise artificial structures in high-flow areas than Jassa herdmani (Chapter 3). This study 

also aimed to determine the potential that one dominant amphipod would displace another 

under a range of flow regimes. No significant negative interaction between C. mutica and the 

ecologically similar non-native amphipod species J. marmorata was observed under any flow 

regime. The prolonged attachment probability for C. mutica was similar for a natural fouling 

community and a complex artificial panel. However, increased flow rate resulted in reduced 

attachment probability on natural biofouled panels. Lastly, this study aimed to determine 

whether increased flow heterogeneity may provide C. mutica with more optimum conditions 

which they may actively select. The results of this study suggest that C. mutica maintains a 

generalist approach to flow. These findings indicate that both non-native amphipods C. 

mutica and J. marmorata will be highly likely to colonise artificial structures, such as 

renewable energy devices, across a wide range of hydrodynamic stresses. However, J. 

marmorata may perform better than C. mutica over the longer term on tidal renewable energy 

devices. 
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________________________________________________Chapter 6 

Overview and General Discussion 

6.1 Overview 

The results of this research provide supportive evidence that off-shore structures created as 

part of the growing marine renewable energy industry will provide refuges for NNS. If 

current plans are implemented, large areas of the marine environment will become 

increasingly urbanised. The resident communities inhabiting Marine Renewable Energy 

Devices (MREDs) will shape the ecological interactions of this technology with surrounding 

natural habitats. The divergence of community composition on artificial structures from 

surrounding natural reefs is a cause for concern, as the increased urbanisation of the marine 

environment may also have far-reaching effects on the composition of species in associated 

natural habitats (Connell and Glasby, 1999, Connell, 2001). Importantly, many of the 

characteristic features of MREDs, share similar features to other artificial structures that are 

known to disproportionately favour invasive non-native species (NNS) (Bulleri and Airoldi, 

2005, Glasby et al., 2007, Dafforn et al., 2009). However, MREDs are to be deployed across a 

wide range of hydrodynamic conditions that will include some of the UK’s most energetic 

marine environments. Little is known about how stressful hydrodynamic regimes affect the 

colonisation of MREDs by native and NNS. This thesis took a multifaceted approach 

consisting of: a country-wide survey of communities resident on artificial structures in a range 

of hydrodynamic environments, in addition to, the subsequent investigation of the effects of 

elevated flow conditions on the behaviour of non-native amphipods in a purpose built flume 

apparatus. As outlined in Chapter 1, the principal aim of each research chapter included: 

 

Chapter 2: Aimed to investigate how deployment length, geographical area and tidal flow 

rate shaped the community composition resident on artificial off-shore structures.  

 

Chapter 3: Aimed to determine the presence of known NNS on off-shore artificial 

structures and use information on the abiotic and biotic environment to produce predictive 

models of presence probability for selected important species. 

 

Chapter 4: Aimed to detail the design, building and evaluation process for a large high 

speed flume apparatus and discuss the flow environment created in the context of its 

suitability for subsequent experiments. 



 129

 

Chapter 5: Aimed to establish and subsequently predict the behavioural responses of two 

common non-native amphipod species to increased flow. This chapter also aimed to 

determine whether a negative interaction between both species was present and whether 

this was moderated by the surrounding flow environment. The response of a widespread 

non-native amphipod to increased flow heterogeneity and different substrate types was 

also investigated.  

 

6.2 Biofouling community variation likely on MREDs 

The first aim of this thesis was to establish what the key characteristics of biofouling 

communities on MREDs are likely to be and determine whether these characteristics are 

altered by local flow regimes, deployment length and/or geographical area. A network of 

navigation buoys were sampled and community composition was found to be complex and 

diverse, suggesting that communities resident on MREDs may maintain diverse assemblages 

of species despite many buoys being located in extreme tidal environments (Figure 2.7 and 

2.13). This finding suggested that at least for shallow floating structures, high local flow rate 

may not be as important in structuring biofouling community as previously hypothesised 

(Hart and Finelli, 1999, Shields et al., 2011). One plausible explanation for this finding is that 

high local flow rates may not result in high in situ flow rates adjacent to the fouling 

communities, as boundary layer conditions generated by complex community architecture 

will dramatically reduce hydrodynamic stress (Gambi et al., 1990, Hart and Finelli, 1999, 

Johnson, 2001, Madsen et al., 2001). Future investigations could validate the influence of 

larger flow tolerant organisms, such as Laminaria hyperborea on sub-canopy fouling 

communities through a combination of measuring in situ flow rates and manipulative 

experiments (Burrows, 2012). An alternative explanation for the similarity between 

communities resident on buoys deployed in ‘high’ and ‘low’ flow areas is that the vertical 

nature of the substrate may alter the indirect consequences of other important community 

drivers. For example, sedimentation rates, that are largely dependent on local hydrodynamics, 

may alter community composition on horizontal surfaces as these may be more prone to high 

sedimentation rates in lower flow environments (Snelgrove and Butman, 1994, Madsen et al., 

2001).  

 

Large differences in community structure were detected across different geographical areas 

(Figure 2.8 and 2.9). This has been observed in other studies that found large-scale patterns in 

invertebrate assemblages on artificial substrata and may be explained by larger scale 
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oceanographic conditions, in addition to the local species pool (Rule and Smith, 2005, Page et 

al., 2008). This suggests that future MRED developments should consider the geographical 

region of deployment when determining interactions between the devices and the 

environment. Moreover, biofouling is a major engineering concern, influencing the loading of 

off-shore structures whilst damaging protective coatings and accelerating corrosion 

(Theophanatos and Wolfram, 1989, Jusoh and Wolfram, 1996a, Finnie and Williams, 2010). 

In this study, communities were dominated by dense populations of Mytilus sp. in the Clyde 

and Isle of Man areas, which will likely result in increases in both the static and 

hydrodynamic loading of any devices deployed in that area (Theophanatos and Wolfram, 

1989, Jusoh and Wolfram, 1996b, Shi et al., 2012).  In contrast, devices deployed in the Skye 

area may be dominated by colonial tunicates and barnacles. Such communities with low 

profiles and small weight could potentially require less maintenance to control biofouling. 

 

One limitation of this study was that processes governing community composition on floating 

navigation buoys may have different outcomes on bottom mounted devices (see Chapter 1). 

However, sampling biofouling from shallow depths may describe the most ‘severe’ scenario, 

as communities tend to be denser and more productive at shallower depths (Jusoh and 

Wolfram, 1996b, Cusson and Bourget, 2005). Moreover, the use of navigation buoys as an 

indicator of biofouling communities on MREDs is also appropriate as many wave, tidal and 

wind energy companies are developing floating tethered devices. With the exception of a 

moderate increase in species richness (Figure 2.12), deployment length (1-7 years) did not 

significantly alter community composition or biomass suggesting that the colonisation process 

occurred rapidly within the first year (Figure 2.11). A similar result was demonstrated by 

Langhamer et al (2009) who showed that the amount of time elapsed between buoy 

maintenance and sampling (1 – 3 years) had no significant effect on the biofouling 

community composition. This is an important consideration for the marine renewable energy 

industry, as devices will be expected to operate without intervention for long periods of time 

(>10 years), particularly since the maintenance of devices will be a costly and difficult task 

(Mueller and Wallace, 2008).  

 

It has been argued that providing MREDs are designed to withstand extra loading caused by 

biofouling, the rapid development of complex communities, as seen on the navigation buoys, 

will provide opportunities for associated species (Nelson, 2003, Wilhelmsson et al., 2006a, 

Wilhelmsson and Malm, 2008, Langhamer et al., 2009, Witt et al., 2012). Appropriate design, 

siting and management of MREDs may produce positive mitigating environmental impacts, 

for example, where devices act as ‘artificial reefs’ (Petersen and Malm, 2006, Inger et al., 
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2009, Langhamer, 2013). However, little effort has been made to determine the capacity for 

reefs created by artificial structures, in this case MREDs, to meet the various ecological 

objectives, such as the creation of habitats for commercially important fish species (Bulleri 

and Chapman, 2010, Wilhelmsson et al., 2010). Therefore, the mitigation-like effects of 

habitat creation by MREDs still remains a matter of conjecture (Miller et al., in press). In 

addition, it is unclear whether ‘artificial reefs’ increase biomass, or whether the effects are 

simply a result of concentrating biomass from surrounding habitats (Svane and Petersen, 

2001). Increased production effects by artificial reefs rely on structures that increase food 

availability, feeding efficiency, provide predator refuge, increase recruitment of larvae which 

would otherwise be lost and/or increase the amount of available habitat (Svane and Petersen, 

2001). Secondary production rates, which describe the incorporation of energy per unit time 

of consumers, provide a potentially valuable approach to addressing the consequences of 

replacing one habitat type with another (Dolbeth et al., 2012). For example, macroinvertabrate 

communities on hard substrata generally maintain greater productivity values than 

sedimentary environments suggesting perhaps some positive consequences for the increased 

urbanisation of the marine environment (Cusson and Bourget, 2005).  

 

The majority of MREDs will increase the physical heterogeneity of the environments in 

which they are deployed, especially when deployed in sedimentary environments 

(Wilhelmsson and Malm, 2008, Wilson and Elliott, 2009). This has the effect of increasing 

the available niches, as well as increasing the available hard habitat for colonising species, 

increasing larvae recruitment and providing refuge form predation (Baine, 2001, Nelson, 

2003). There is some evidence that artificial structures may also increase food availability and 

foraging efficiency for higher trophic level species (Hueckel and Stayton, 1982, Bomkamp et 

al., 2004). This study has demonstrated that communities on off-shore navigation buoys in 

areas typical of marine renewable energy generation are diverse and productive (high 

biomass). The results of this work indicate that these features of community structure will be 

largely maintained in areas of high water flow, with the exception of a small reduction in 

species richness and biomass. 

 

The findings of the study stress the importance of determining features of the community 

composition based on the area that devices will be deployed. Future work investigating the 

influence of artificial communities on associated species will benefit from more detailed 

descriptions of ecological services they could provide along with a greater understanding of 

the trophic interactions between biofouling communities and higher level species. For 

example, reduced fishing pressures in the vicinity of devices, in addition to ‘artificial reef’ 
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effects, will likely lead to beneficial effects for at least some species in some areas. However, 

it remains unclear how changes in the species composition of lower trophic level species 

influence higher level taxa, and vice versa (Casini et al., 2008). Siting MREDs in undisturbed 

pristine environments and widely applying antifouling and/or cleaning structures will reduce 

the probability that devices would have such beneficial impacts (Inger et al., 2009). Therefore, 

management strategies could focus on actively attempting to enhance biofouling communities 

on non-moving structural elements by reducing the use of toxic antifouling paint, cleaning 

practices and increasing the complexity of immobile structures (Langhamer et al., 2009). 

However, such management strategies would require careful thought at the design and testing 

stage to produce devices capable of resisting greater loading and corrosion rates (Durr and 

Thomason, 2010). 

 

6.3 Non-Native Species on off-shore artificial structures 

Management objectives of artificial structures, such as high secondary production rates do not 

necessarily lead to a healthier ecosystem (Dolbeth et al., 2012). Human induced disturbance 

that results in more opportunist species, for example, many non-native species (NNS), may 

result in greater productivity values at the cost of reducing species diversity (Mack et al., 

2000, Davis, 2003). Therefore, ‘beneficial’ communities resident on MREDs may also require 

the right combination of species to better accomplish management objectives. Maintaining 

diverse biofouling communities can restrict opportunities for some NNS by increasing species 

richness and reducing available space for colonisation (Alpert et al., 2000, Stachowicz and 

Tilman, 2005). Moreover, the use of toxic antifouling paints, typically containing copper, may  

disproportionately enhance the success of NNS, which tend to have a greater tolerance to 

copper exposure (Dafforn et al., 2008, Piola and Johnston, 2009). 

6.3.1 Predicting amphipod presence under different flow regimes 

The success of a NNS in a novel environment indicates the pre-adaptation to the abiotic and 

biotic features of the habitat (Prinzing et al., 2002, Murray et al., 2012). Therefore, knowledge 

of the success of a NNS in a novel environment allows for the identification of habitats at risk 

of future colonisation. Native and non-native, amphipods were abundant on navigation buoys 

and are important secondary and tertiary producers in marine ecosystems (Guerra-García, 

2001, Page et al., 2007, Woods, 2009, Reubens et al., 2012). These mobile epibionts are 

primarily suspension feeders and may have complex interactions with surrounding flow 

conditions and the resident biofouling community (Wildish and Kristmanson, 1997). The 

invasive caprellid amphipod, C. mutica, was particularly abundant (max. 17,500 individuals 

per m2) on certain navigation buoys sampled in this study. Caprella mutica is a superior 
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competitor capable of displacing ecologically similar European caprellids (Caprella linearis 

and Pseudoprotella phasma) (Shucksmith et al., 2009). However, few studies have fully 

investigated the potential for C. mutica to alter biodiversity, community structure and local 

food webs (Boos et al., 2011). Artificial structures segregated from benthic predators, such as, 

the shore crab Carcinus maenas may serve as a refuge, thus yielding larger populations of C. 

mutica (Boos, 2009). The selection of navigation buoys from a range of tidal regimes, 

deployment lengths and geographical areas provided an important opportunity to investigate 

how the physical and biological characteristics of off-shore structures affected the presence of 

native and non-native amphipod species. It was, therefore, important to determine the likely 

abiotic and biotic effects that controlled the abundance of this group of species. 

 

Increased estimated flow speed around navigation buoys, typical of tidal MREDs, reduced the 

probability that C. mutica would be present and increased the probability of the presence of 

the native amphipod species, Jassa herdmani (Figure 3.5). Flow rate had no detectable effect 

on the presence of the native caprellid, C. linearis (Figure 3.5). Flow dependent niche 

differentiation observed in similar amphipod species, may be driven by anatomical 

differences between species (Guerra-García, 2001, Guerra-García et al., 2002, Beermann and 

Franke, 2012) and/or a number of factors affected by flow including, settlement, feeding, 

behaviour and mortality (Witman and Suchanek, 1984, Hart and Finelli, 1999, Jonsson et al., 

2004). However, it was still unclear how the behaviours important for survival, such as 

feeding activity, were affected by flow speeds approaching those typical of tidal renewable 

energy devices.  

 

To better understand flow related processes governing the presence of important amphipod 

species the behaviours of the non-native C. mutica and J. marmorata were investigated in a 

controlled flow environment. Both these species occur in many parts of the world, including 

the UK, and both are aggressive colonisers of artificial structures (Ashton et al., 2007a, 

Shucksmith et al., 2009, Pilgrim and Darling, 2010, Beermann and Franke, 2012). The 

findings of this study demonstrated that the behaviours of both species including, facing flow, 

feeding, exploring, standing and swimming were suppressed by elevated flow (Figure 5.5 and 

5.6). However, with the exception of standing, suppression of behaviours was observed in C. 

mutica at much lower flow rates than J. marmorata. The use of a standing behaviour amongst 

C. mutica individuals almost certainly increases the feeding potential at low flow rates 

perhaps explaining the greater preference for this behaviour compared to J. marmorata. The 

more compact body form of Jassa species provides an explanation of the greater flow 

tolerance observed under controllable flow conditions. In addition to its flow tolerance, an 
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ability to build tubes may largely explain the preference for greater flow environments 

(Chapter 3), because high-flow rates would reduce the feeding barrier produced by boundary 

layer formation. This work supported predictive models produced in Chapter 3, suggesting a 

niche differentiation for both genera based on local flow conditions. Moreover, these findings 

help to predict which artificial structures present the greatest risk of aiding the spread of NNS 

as healthy populations of NNS on devices will likely increase secondary dispersal rates from 

MREDs. Tidal renewable energy devices in high water flow (> 1 ms-1), will be less likely to 

be colonised by C. mutica and hence present a lower risk structure for further dispersal to 

surrounding habitats. However, C. mutica will almost certainly play a large role in biofouling 

communities exposed to less hydrodynamic stress. Additionally, based on the observations in 

this study (Chapter 3 and 5), amphipods belonging to the genus Jassa, will play a dominant 

role in the majority of communities associated with tidal renewable energy structures. 

Although amphipods were well represented in biofouling communities studied, predictions 

made from one taxonomic group may not be transferable across all other groups of NNS. The 

observed prevalence and trophic importance of this group of NNS on artificial structures 

justifies the focus given in this study. 

 

6.3.2 How resident communities affect amphipod recruitment 

Shucksmith (2007) demonstrated that architectural features of the underlying community may 

be more important than community heterogeneity in determining invasion success for C. 

mutica. When investigating the appropriateness of an environment for a NNS it was deemed 

necessary to investigate the relationship between the types of underlying community 

structures and the probability of amphipod presence. It was hypothesised that structures, 

which aided attachment and provided shelter, may increase the likelihood that a particular 

amphipod species would be present in a community. However, this study detected no positive 

relationship between the percentage cover of architecturally similar functional groups and the 

presence of C. mutica (Figure 3.7 and 3.8). The coarse nature of the photographic data used to 

calculate the cover of different functional groups may have been responsible for this outcome, 

as the photographic data did not precisely account for the coverage of very small complex 

structures, such a filamentous algae. This may have inadvertently excluded taxa that were 

likely to produce a strong facilitative effect (Shucksmith, 2007). A recommendation for future 

related work would be to improve the methodology to quantify the structural type and 

complexity of benthic communities, paying special attention to the scale of the processes 

being studied.  
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This study supported the results of Shucksmith et al. (2009), that C. mutica displaces the 

native caprellid species C. linearis (Figure 3.6). However, the high prevalence of C. linearis 

in wave dominated environments, adjacent to sheltered areas dominated by C. mutica 

suggested differing responses to flow types, which may partially separate these species 

ecologically (Figure 3.4). These observations appear to reinforce the findings of Karez and 

Ludynia (2003) that differences in habitat use, based on flow conditions, may allow the 

coexistence of different amphipod species. However, further investigation is required to 

determine exactly how differences in the ‘steadiness’ of flow affects both C. mutica and C. 

linearis and the interactions between them.  

 

A negative relationship was also observed between the cover of smooth structures, namely 

Mytilus sp., and the probability of C. mutica presence (Figure 3.7). These findings supported 

Shucksmith (2007) who demonstrated that mussel structures provided poor recruitment 

options compared to small complex structures. This suggests that MREDs maintaining a high 

coverage of Mytilus sp. will form lower risk structures for aiding C. mutica propagation. The 

similarly predicted probabilities for the presence of C. linearis and Jassa herdmani were not 

largely affected by functional group cover (Figure 3.7 and 3.8). Jassa herdmani was generally 

less specific across all habitat types than the caprellid species perhaps owning to their tube 

building behaviour (Figure 3.7 and 3.8).  

 

As discussed in Chapter 1, facilitative effects, through increased community architecture may 

become more important than competitive effects under greater levels of stress (Menge and 

Sutherland, 1987). The survival probability on an artificial panel and a developed biofouling 

community was similar for C. mutica at a range of flow speeds. This suggests that no short-

term benefit is experienced by C. mutica offered greater protection by the complex biofouling 

community during peak flow rates. Moreover, the modest loss of individuals from the 

biofouled plate with increased flow suggested that naturally occurring attachment options 

were less effective at high-flow rates. Caprella mutica clearly requires small structures 

(~1mm) in both environments to maintain their position at high-flow rates (1ms-1). Future 

experiments explaining this would benefit from determining the relationship between the 

surface roughness and habitat suitability under differing flow regimes over many tidal cycles. 

However, the reduced probability of presence of C. mutica on buoys experiencing greater 

flow rates (Figure  3.5), suggests a long-term cost of living in high-flow environments for this 

organism. Such information is useful for assessing the risk that MREDs may aid NNS 

propagation across the range of technologies. For other NNS, focussed studies coupling 

survival probability with common artificial material, under different flow conditions, may 
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yield key information on the suitability of habitats for the settlement and recruitment of 

species during the early stages of community development (Abelson and Denny, 1997, Hunt 

and Scheibling, 1997, Larsson and Jonsson, 2006). For example, future experiments may 

utilise three-dimensional printing (investigated, but not reported here) to produce small 

habitats of differing complexities to understand the scale of changes in flow that are important 

to marine macrofauna.  

 

One limitation of simple boundary layer experiments is that it does not consider the more 

complex situation of when an individual is given a choice of flow environments. These 

heterogeneous flow environments are an inevitable result of complex community architecture, 

which modify the effect of local flow conditions, thus potentially facilitating NNS under 

stressful environmental conditions. Provided that an individual animal has the ability to act on 

environmental stimuli, it can choose to locate itself in a more suitable niche. The simple 

gradient experiment undertaken in the flume demonstrated that C. mutica was as likely to 

move to an area of similarly high-flow as to an area of lower flow. These findings along with 

observations suggest a more generalist approach to selecting suitable flow regime. Variation 

in strength and direction of flow under field conditions may make continuous adjustment 

unfeasible, as frequent alterations may also interfere with other important processes such as 

mating, habitat preferences and competition (Boos et al., 2011). This experiment could be 

improved by changing the experimental procedure to include a greater variation of initial flow 

speeds that individuals were exposed to. Future experiments may benefit from the 

modification of apparatus. For example, gradients in flow may be better produced using a 

vertical cylinder with a suitable surface or by modifying the collimator in different ways.   

 

6.3.3 Interaction between amphipod species  

Attachment probability of C. mutica and J. marmorata to an artificial panel was similar for 

different density treatments, single and mixed species treatments across a wide range of flow 

conditions (Table 5.3). No evidence was found for a strong competitive interaction between J. 

marmorata and C. mutica. Amphipod species can aggressively displace other ecologically 

similar species over a short time-frame and in an open system (Shucksmith et al., 2009), such 

as the one used in the flume. It was therefore hypothesised that a competitive interaction 

between the two non-native amphipods would have occurred when placed together. The 

potential for different renewable energy technologies to provide a secondary dispersal 

platform for these taxa, would have been greatly affected had there been a tendency for one 

species to displace the other at certain flow rates. The methods used to investigate competitive 

interactions, however, were limited in this study as the short term displacement of one species 
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only measures an aggressive interaction and not a longer term competitive interaction for 

resources such as food. Low flow rates (20cms-1) used in this study may have maintained the 

supply of food to individuals that would otherwise compete intensely at slower flow rates 

where resources would be reduced. This experiment may have been improved through a 

mesocosm approach, utilising longer term studies controlling resources such as food and 

space, whilst investigating the effects of slower flow rates. However, an approach such as this 

would result in unnatural boundary conditions complicating the interpretation of results. 

 

6.3.4 Dispersal Potential of NNS utilising MREDs 

The findings of the flume studies clearly demonstrates the ability of the non-native amphipods 

C. mutica and J. marmorata to withstand high-flow speeds, suggesting a capacity to 

successfully utilise anthropogenic dispersal vectors exposed to high flow, for example, hull 

fouling. This is supported by previous studies, that found large abundances of C. mutica 

attached to the hulls of boats (Buschbaum and Gutow, 2005, Shucksmith, 2007). However, to 

date, no other study has observed C. mutica under such high-flow regimes. A surprising result 

was that the probability of swimming, was greatest at low flow speeds (< 0.15 ms-1) for both 

species, implying that they would be most likely to disperse once a vessel or colonised 

platform had slowed down and stopped at its final destination. Flumes capable of faster flow 

rates or tow tank experiments, could be used to investigate the maximum forces that these 

amphipods can tolerate before they are lost from a structure (Murray et al., 2012). 

Experiments such as these could ultimately be used to determine which transport vectors are 

most likely to present a risk for invading NNS with similar morphological and behavioural 

characteristics.  

 

When populations of amphipods under different flow regimes were investigated, continued 

attachment was lower for J. marmorata than C. mutica suggesting a natural tendency for J. 

marmorata to drift and relocate downstream. This drifting behaviour was unaffected by flow-

rate, gender and density. This was supported by other studies, which found that drift in similar 

amphipod species was also unaffected by gender and density, suggesting that this natural 

dispersal mechanism plays no obvious function in reproduction (Grant, 1980, Havermans et 

al., 2007). Results of this study indicated that J. herdmani was more likely to occupy newly 

deployed navigation buoys demonstrating an effective natural dispersal mechanism (Chapter 

3). However, it should be noted that such results investigating drift in amphipods may be 

highly dependent on species specific substrate preferences. 
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6.4 Conclusion 

Non-native amphipods, such as C. mutica have been introduced to many oceanic coastlines 

and have dispersed effectively achieving wide geographical distributions (Ashton, 2006). 

Once established, eradication will most likely be unsuccessful (Myers et al., 2000). 

Controlling introduction pathways, for example, networks of artificial structures that may aid 

the spread of a NNS, have been suggested as one method to reduce their impact (Everett, 

2000). However, the complexity and range of anthropogenic vectors transporting species from 

one place to another makes the control of introductions very difficult (Minchin and Gollasch, 

2002, Ruiz and Carlton, 2003). This is highlighted by the non-native amphipods investigated 

in this study, as these species are well established throughout UK waters (Ashton, 2006). 

However, for C. mutica in particular, large geographical areas still exist with suitable 

environmental conditions that have not yet been colonised (Ashton, 2006). Although the 

ecological success of C. mutica on artificial structures may present a risk to surrounding 

natural habitats and species, divergent responses of ecologically similar native and NNS to 

prevailing flow characteristics, may create suitable flow ‘refuge’ for vulnerable species. 

Furthermore, the rapid growth rates and wide environmental tolerances of C. mutica, in 

addition to high levels of important polyunsaturated fatty acids, means that this NNS may be 

beneficial to higher trophic levels (Page et al., 2007, Woods, 2009). More work is needed to 

investigate the importance of these trophic linkages in marine food-webs under increasingly 

urbanised marine ecosystems.  

 

It is worth noting that although amphipods were the fundamental focus during much of this 

study other NNS were detected on navigation buoys sampled. Although the small abundances 

of the NNS found suggested that these species play a minor role in the resident community, it 

also highlighted the capacity of artificial structures to provide refuges for NNS. This finding 

supports the requirement for future monitoring programs to assess the risk that MREDs aid 

NNS propagation across the range of technologies. Biofouling of anthropogenic structures 

remains and will increasingly become an important pathway for the introduction of NNS 

(Bulleri and Airoldi, 2005, Page et al., 2006, Yeo et al., 2010, Mineur et al., 2012). Therefore, 

as the marine renewable energy industry grows, information linking the physical (tidal flow 

rate) and biological (resident assemblages) environment of each device with their 

susceptibility to biological invasion will become increasingly important. This information 

could better inform design criteria and management options to minimise the environmental 

risk that these structures will pose as the industry expands. 
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Annex 1: The average abundance category for all taxa (sum of all area averages >0.49 
(numeric SACFOR scale)) sampled for different geographical regions. (*) rare, (**) occasional, 
(***) frequent, (****) common), (*****) abundant and (******) superabundant. Abundance 
(SACFOR) values for taxa are the average value for each region. 

    
Isle of 

Man 

Orkney 

Isles 

Isle of 

Skye 

Clyde 

Area 

Sound of 

Harris 

Ochrophyta Laminaria sp. ** ** * ***** ***  

Ochrophyta Saccorhiza polyschides ** **    
Ochrophyta Dictyota dichotoma  *    
Rhodophyta Cryptopleura ramosa * *  ** * 

Rhodophyta Lomentaria clavellosa  * *  ** 

Rhodophyta Hypoglossum hypoglossoides  *   * 

Rhodophyta Lomentaria orcadensis * * * *  
Rhodophyta Delesseria sanguinea * *   * 

Rhodophyta Apoglossum ruscifolium * *    
Rhodophyta Un-ID red Foliose Algae  **   ** 

Rhodophyta Plocamium cartilagineum * *  * ** 

Rhodophyta Ceramium sp. *    * 

Rhodophyta Polysiphonia sp. * * ** * * 

Rhodophyta Brongniartella byssoides *    * 

Rhodophyta Heterosiphonia sp. *     
Rhodophyta Aglaothamnion sp.    *  
Rhodophyta Pterosiphonia sp.     * 

Chlorophyta Un-ID green Foliose  * * *  
Ascidiacea Ascidiella sp.  * ** ** ***** 

Ascidiacea Botrylloides leachii * ** ***   
Ascidiacea Ascidia sp.     * 

Ascidiacea Corella parallelogramma   *   
Ascidiacea Ciona intestinalis   **   
Bryozoa Celloporina hassallii * **   * 

Bryozoa Scruparia ambigua * * * * * 

Bryozoa Oshurkovia littoralis     * 

Bryozoa Crisidia cornuta    * * 

Bryozoa Electra pilosa    *  
Bryozoa Bicellariella ciliata  *   * 

Bryozoa Callopora sp.     * 

Bryozoa Celleporella hyalina ** *  * ** 

Bryozoa Membranipora membranacea    **  
Cnidaria Alcyonidium sp. *     
Cnidaria Coryne eximia  **  ** *** 

Cnidaria Diphasia sp.   *   
Cnidaria Tubularia sp. *** *  ** ** 

Cnidaria Abietinaria sp.    *  
Crustacea Balanus balanus **   ** * 

Crustacea Balanus crenatus *** **** **** ** ** 

Crustacea Cancer pagurus ** * **  * 

Crustacea Caprella linearis  **** **  ** 

Crustacea Caprella acanthifera     * 

Crustacea Caprella mutica  *** *** ** ** 

Crustacea Amphipoda ***** ***  ***** *** 

Crustacea Jassa herdmani ****** ***** *** ***** ***** 

Crustacea Parajassa pelagica  ***  ***  
Crustacea Idotea sp.  *    
Crustacea Munna sp.  *    
Crustacea Chirona hameri  *    
Crustacea Pisidia longicornis ** * *     
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Annex 1 Continued: The abundance of key taxa sampled for different geographical regions. (*) 
rare, (**) occasional, (***) frequent, (****) common), (*****) abundant and (******) 
superabundant. Abundance (SACFOR) values for taxa are the average value for each region. 

    
Isle of 

Man 

Orkney 

Isles 

Isle of 

Skye 

Clyde 

Area 

Sound of 

Harris 

Crustacea Janiridae ***** *** **** **** *** 

Crustacea Atelecyclus sp. ****    * 

Crustacea Austrominius modestus **     
Echinodermata Antedon bifida      
Echinodermata Ophiothrix fragilis ** **  ** ** 

Echinodermata Psammechinus miliaris     * 

Molusca Acanthochitona crinita    * ** 

Molusca Aequipecten opercularis * * *  ** 

Molusca Anomia ephippium **** **** *** **** **** 

Molusca Patella pellucidum  *  *  
Molusca Hiatella arctica ** **** *** ** **** 

Molusca Modiolula phaseolina  * *  ** 

Molusca Musculus discors ** ***   *** 

Molusca Mytilus sp. ****** ***** ***** ***** ***** 

Molusca Rissoa sp  * *  * 

Molusca Tectudinalia tessulata      
Molusca Patella vulgata    **  
Nemertea Nemertea * ***** *** *** ** 

Opisthobranchia Coryphella sp.  * * * ** 

Opisthobranchia Doto sp.  **  ** ** 

Opisthobranchia Onchidoris sp.  *   * 

Platyhelminthes 
Ramphogordius 

sanguineus 
** ** ** *** * 

Platyhelminthes Stylochoplana sp. **** * **  * 

Annelida Pomatoceros sp. *** * **** *** *** 

Annelida Serpulidae     * 

Annelida Harmothoe sp. ***** *** **** **** **** 

Annelida Nereis sp. ***** ***** **** ****** ***** 

Annelida Hydroides sp.  ** ** ** ** 

Annelida Sabella pavonina ***    * 

Annelida Sabellidae     ** 

Annelida Syllidae ** **** **** *** *** 

Annelida Phyllodocidae ** *** **** ** * 

Annelida Terebellidae **  *  **** 

Annelida Flabelligeridae    **  
Porifera Leucosolenia sp.  *    
Porifera Grantia compressa  *   * 

Porifera Sycon ciliatum ** ** *  *** 

Pycnogonida Endeis sp.  * *  * 

Pycnogonida Pycnogonum sp. **     
Pycnogonida Nymphon brevirostre    **  
Oligochaeta Oligochaeta   * * ** ** 
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Annex 2: Example of factors that were simultaneously optimised during the flume design proses.
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Annex 3: Summary of the primary model outputs for estimating the probability of behaviour 

(glmer).  

 

  

Model 1 Fixed effects Slope Standard Error z value P value

(Intercept) 0.4112 0.5268 0.780 0.4350

Free-stream flow (ms
-1

) -0.0735 0.0108 -6.837 <0.0001

Exploring 2.4912 0.4302 5.790 <0.0001

AIC = 238.3 REV=1.7769

Model 2 Fixed effects Slope Standard Error z value P value

(Intercept) 6.3550 0.7927 8.016 <0.0001

Free-stream flow (ms
-1

) -0.0615 0.0077 -8.007 <0.0001

Exploring -1.1190 0.5665 -1.975 0.0482

AIC = 325.9 REV=3.7088

Model 3 Fixed effects Slope Standard Error z value P value

(Intercept) 0.0841 0.4158 0.202 0.8400

Free-stream flow (ms
-1

) -0.0577 0.0089 -6.470 <0.0001

Facing flow 2.3144 0.3776 6.129 <0.0001

AIC = 278.2 REV=0.44747

Model 4 Fixed effects Slope Standard Error z value P value

(Intercept) 12.9312 2.1400 6.043 <0.0001

Free-stream flow (ms
-1

) -0.3742 0.0559 -6.697 <0.0001

Gender (male) 2.7951 1.1429 2.446 0.0145

AIC = 141.2 REV=4.5042 Exploring -1.9560 0.9624 -2.032 0.0421

Model 5 Fixed effects Slope Standard Error z value P value

(Intercept) 6.4755 1.2279 5.273 <0.0001

Free-stream flow (ms
-1

) -0.0836 0.0090 -9.259 <0.0001

Feeding -2.8900 0.9055 -3.192 0.0014

AIC = 306.6 REV=3.0265 Exploring 1.4835 0.4182 3.547 0.0004

Model 6 Fixed effects Slope Standard Error z value P value

(Intercept) 9.7384 1.4658 6.644 <0.0001

Free-stream flow (ms
-1

) -0.0621 0.0132 -4.699 <0.0001

Facing flow -3.1064 0.8462 -3.671 0.0002

AIC = 159.8 REV=2.7703

Model 7 Fixed effects Slope Standard Error z value P value

(Intercept) 2.3294 0.9211 2.529 0.0114

Free-stream flow (ms
-1

) -0.0607 0.0074 -8.194 <0.0001

Facing flow 1.6408 0.3855 4.256 <0.0001

AIC = 352.1 REV=1.0831 Feeding -1.3372 0.6466 -2.068 0.0386

Model 8 Fixed effects Slope Standard Error z value P value

(Intercept) 0.5357 0.3560 1.505 0.1320

Free-stream flow (ms
-1

) -0.1205 0.0186 -6.474 <0.0001

AIC = 167.8 REV=0.68318

Factors affecting C. 

mutica  probability of 

facing water flow

Factors affecting C. 

mutica  probability of 

feeding

Factors affecting C. 

mutica  probability of 

exploring

Factors affecting C. 

mutica  probability of 

standing

Factors affecting J. 

marmorata  probability 

of facing water flow

Factors affecting J. 

marmorata  probability 

of feeding

Factors affecting J. 

marmorata  probability 

of exploring

Factors affecting J. 

marmorata  probability 

of standing
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Annex 4: Summary of the primary model outputs for estimating the probability of behaviour 

with species (glmer).  

 

 

  

Model 9 Fixed effects Slope Standard Error z value P value

(Intercept) 2.1078 0.4479 4.706 <0.0001

Species (J. marmorata ) 2.8046 0.6050 4.636 <0.0001

Free-stream flow (ms
-1

) -0.0651 0.0063 -15.130 <0.0001

AIC = 623.6 REV=3.0658

Model 10 Fixed effects Slope Standard Error z value P value

(Intercept) 5.1322 0.6095 8.420 <0.0001

Species (J. marmorata ) 2.7012 0.7346 3.677 <0.0001

Free-stream flow (ms
-1

) -0.0471 0.0050 -9.389 <0.0001

AIC = 521.7 REV=3.9536

Model 11 Fixed effects Slope Standard Error z value P value

(Intercept) 1.5768 0.2769 5.694 <0.0001

Species (J. marmorata ) 1.1510 0.3404 3.381 <0.0001

Free-stream flow (ms
-1

) -0.0747 0.0050 -15.085 <0.0001

AIC = 693.4 REV=0.7572

Model 12 Fixed effects Slope Standard Error z value P value

(Intercept) 6.9096 0.7102 9.729 <0.0001

Species (J. marmorata ) -5.6888 0.6659 -8.543 <0.0001

Free-stream flow (ms
-1

) -0.1855 0.0168 -11.033 <0.0001

AIC = 326.4 REV=1.4091

Factors affecting 

probability of facing 

water flow

Factors affecting 

probability of feeding

Factors affecting 

probability of exploring

Factors affecting 

probability of standing
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