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Abstract 

Coastal ecosystems are subject to a wide variety of abiotic conditions. Water 

motion within coastal ecosystems is a key abiotic factor controlling species 

abundances and biological processes yet is often overlooked. Coastal ecosystems are 

also susceptible to invasive species due to increased anthropogenic activity. Invasive 

species can have severe ecological impacts on recipient ecosystems causing changes 

in biodiversity, habitat complexity and species interactions. After being introduced 

for aquaculture purposes worldwide, the Pacific oyster, Crassostrea gigas, has 

become one of the most globalised marine invertebrates. Ecological impacts 

associated with C. gigas invasions have been both positive and negative depending 

upon the context. However, invasions onto beds of the native blue mussel, Mytilus 

edulis, have seen shifts in dominance from mussels to oysters. Although invasions of 

C. gigas have been investigated, the influence of water motion on its invasion 

success and interactions with native M. edulis are poorly understood. Thus here, a 

combination of laboratory and field experiments were conducted to identify (i) 

predation patterns by native predators on M. edulis and C. gigas to quantify biotic 

resistance towards invasions; (ii) how these predation patterns are affected by 

seasonal change and hydrodynamic disturbance; (iii) how oscillatory flow velocity 

affects the clearance rates and relative impacts on resources of M. edulis compared to 

C. gigas; and (iv) how competitive interactions between M. edulis and C. gigas can 

affect their growth rates, condition indices and mortality. 

In general, I found that native predators consumed more native M. edulis 

compared to invasive C. gigas when offered to predators separately. When the prey 

species were offered simultaneously, both predators disproportionately consumed M. 

edulis over C. gigas, even when M. edulis was scarce in the environment. The same 



 

ii 
 

predation patterns were observed during winter and summer when the prey species 

were offered in isolation, although predation was reduced in winter compared to 

summer. Hydrodynamic disturbance did not affect predation when prey species were 

offered separately, however, when offered simultaneously, the disproportionate 

consumption of M. edulis over C. gigas increased with increased hydrodynamic 

disturbance.  

Oscillatory flow velocity affected M. edulis clearance rates which became 

reduced at extreme low and high velocities whereas clearance rates of C. gigas were 

similar among flow velocities. By combining clearance rate data with field 

biomasses, their respective impacts on plankton resources were quantified. Relative 

impacts of M. edulis were greater than C. gigas under increased flow velocities and 

food concentrations. However, low flows and food concentrations increased the 

relative impacts of C. gigas. 

Competitive interactions between M. edulis and C. gigas were investigated 

through measurements of growth rates, condition indices and mortality. Growth rates 

and mortality of both species were unaffected by the presence of the other and varied 

among experimental sites for C. gigas only. Condition indices of both species, 

however, were reduced when occurring in heterospecific groups compared to 

monospecific groups suggesting that coexistence may be detrimental to their health. 

This research shows that C. gigas invasions are likely to be facilitated by 

native predators due to a lack of predation towards C. gigas. It has also shown that 

water motion is likely to mediate the impacts of C. gigas, with low flow areas being 

most susceptible. This work also provides empirical evidence that coexistence 

between M. edulis and C. gigas is indeed possible, however, reductions in native 

bivalve condition will occur. 
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1.1 The marine environment and associated hydrodynamics 

Intertidal communities inhabiting coastal rocky shores can withstand some of the 

most stressful conditions induced by factors such as desiccation, ultraviolet and 

thermal shifts. However, another dominant factor that organisms are exposed to is 

water motion, which also shapes how organisms survive and grow. Waves in aquatic 

ecosystems induce forces on organisms that oscillate in direction at various speeds 

depending upon wave height and period. Subtidal benthic organisms in environments 

where water depth is less than half the wavelength will experience water motion 

oscillations perpendicular to the seabed over a period of seconds, whereas organisms 

in the intertidal will also experience crashing forces associated with breaking waves. 

Depending on the size, waves can induce destructive forces on intertidal organisms 

and if an organism cannot withstand such forces then the organism will be removed. 

Within any coastal region a range of wave heights occur which thus creates gradients 

of species survival (Shaughnessy et al., 1996; Graham, 1997; Rattray et al., 2015) 

leading to rocky shore communities often being classified by their exposure to 

physical forces applied by the water itself (Denny, 2006). Interestingly, while 

gradients of wave exposure are evident, many investigations maintain a binary view 

of ‘exposed vs sheltered’ shores (Thompson et al., 2002; Wernberg & Connell, 2008; 

Silva et al., 2010) which may mask true responses of organisms to water motion.  

Locations influenced by changes in tidal height may experience another type of 

water motion in the form of tidally driven currents. Tidal currents act in a similar 

fashion to waves but over a different timescale. Whereas waves induce oscillatory 

water motion over a period of seconds, tidal currents oscillate in one direction over a 

period of hours. It is this difference in timing of the oscillations that induces different 

forces upon organisms. Waves will exert more ‘jerking’ forces on organisms due to 
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the continuous reversals in flow directions over seconds, whereas tidal currents 

induce continuous drag forces on organisms in one direction over a period of hours 

before reducing in speed and changing direction.  

As well as affecting organism presence owing to destructive forces, population 

persistence and spread of organisms with larval life stages are largely affected by 

water motion. Larvae have swimming speeds that are negligible compared to ocean 

waves and currents (Huntley & Zhou, 2004) and thus they are at the mercy of the 

physical environment (North et al., 2008). As well as providing a mechanism for 

transport, hydrodynamic forces are involved in larval settlement. Turbulence within 

the water column can induce active behaviours of motile larvae (Abelson & Denny, 

1997; Fuchs et al., 2015; Wheeler et al., 2015), however, the response is species-

specific. Instantaneous high velocity events also have the ability to remove larvae 

from surfaces (Reidenbach et al., 2009), thus trade-offs between the level of 

hydrodynamic force on larval propagules exist.  

 Biological processes of all aquatic organisms are at the mercy of the physical 

influence of the surrounding water. Several studies have shown the importance of 

water motion on processes such as bivalve feeding (Wildish & Miyares, 1990; Denis, 

1999; Newell et al., 2001; Widdows et al., 2002), predator motility (Kawamata, 

1998; Gagnon et al., 2003; Hampton & Griffiths, 2007; St-Pierre & Gagnon, 2015), 

nutrient uptake (Kregting et al. 2008, 2015), growth (Steffani & Branch, 2003; 

Garner & Litvaitis, 2013), dispersal (North et al., 2008; Brennan et al., 2014; Smyth 

et al., 2016) and fertilisation (Kregting et al., 2013). The influence of water motion 

on any of these biological processes, however, tends to focus on only one of the two 

water motion types. For example, in general, bivalve clearance rate responses to 

water motion are investigated with regards to uni-directional currents (Wildish & 
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Miyares, 1990; Denis, 1999; Newell et al., 2001; Widdows et al., 2002; Ackerman & 

Nishizaki, 2004), whereas growth rates of similar species are more often investigated 

with regards to wave exposure (McQuaid & Lindsay, 2000; Steffani & Branch, 2003; 

Garner & Litvaitis, 2013), even though feeding and growth are fundamentally linked. 

In general, attempts to identify how biological processes are affected by the different 

types of water motion tend to be avoided due to difficulty in reproducing these 

environments experimentally, however they are gaining momentum (e.g. Kregting et 

al., 2015). A new challenge facing established communities onshore is climate 

change, which is not only set to increase temperature (Sokolov et al., 2009) but also 

to increase wave heights (Bertin et al., 2013; Reguero et al., 2019). Although the 

importance of water motion on biological processes in aquatic environments is 

acknowledged, its influence is often disregarded. 

1.2 Invasive species and their impacts 

Invasive species are a worldwide problem both economically and ecologically. 

Economic costs associated with invasive species will occur as a direct result from 

eradication and control or structural damage to infrastructure, but can also be caused 

indirectly through detrimental impacts on ecosystem functioning and reducing 

production of goods and services for human use (Williams et al., 2010). In the United 

Kingdom (UK) alone, invasive species are estimated to cost the economy ~£1.7 

billion per year (Williams et al., 2010) and are thus a severe economic nuisance. 

Ecologically, invasive species introductions can lead to homogenisation of 

ecosystems (Olden et al., 2004), impact biodiversity (Simberloff, 2000), habitat 

complexity (Ruesink et al., 2005; Burlakova et al., 2012) and genetic integrity 

(Huxel, 1999; Muhlfeld et al., 2014).  
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Although species compositions across the globe are constantly changing due to 

climate change and range shifts of organisms (Zacherl et al., 2003; Mieszkowska et 

al., 2006; Jones et al., 2010), anthropogenic influence has increased connectivity 

between regions leading to an ever increasing rate of invasive species introductions 

(Seebens et al., 2017, 2018). In the marine environment, shipping has been identified 

as one of the main vectors of invasions whereby organisms are often attached to hulls 

or survive in ballast water, and has been shown to contribute to as much as 69 % of 

marine introductions worldwide (Molnar et al., 2008). The aquaculture industry is 

another large contributor to marine invasions. Direct introductions of aquaculture 

species have occurred via natural spatfall and escapees from farms, but invaders have 

also been introduced by “hitchhiking” on commercially cultured organisms (Bonnot, 

1935; Barnes et al., 1973; Carlton, 1992). 

Of the number of species that may be introduced to new locations, only a small 

percentage that are able to colonise actually succeed (Mack et al., 2000). Invasion 

success/establishment may largely depend upon the ecosystem and physical 

environment in which the organisms are introduced (Byers, 2002; Naddafi et al., 

2011; Novo et al., 2015). Theory dictates that more diverse ecosystems will be more 

resilient to biological invasions owing to increased competition (Elton, 1958). 

Experimental studies have shown validation of this theory in terrestrial and aquatic 

ecosystems (McGrady-Steed et al., 1997; Naeem et al., 2000; Kennedy et al., 2002; 

Stachowicz et al., 2002). These investigations suggest that owing to the high 

diversity, resources such as space and food availability are utilised to such an extent 

that the invader has minimal chance of success. Biotic resistance driven by predation 

may also be a key process contributing to resisting invasions. Invading organisms 

may be recognised as potential prey for generalist predators within higher trophic 
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levels, and thus face high levels of predation which slows invasions (deRivera et al., 

2005). However, traits such as high propagule pressure have been able to overcome 

such biotic resistance (Hollebone & Hay, 2007).  

Several methods for controlling invasive species have been tested (Guy & 

Roberts, 2010; Piola & Hopkins, 2012; Coughlan et al., 2018; Crane et al., 2018; 

Cuthbert et al., 2019; Joyce et al., 2019a), yet elimination of these established 

organisms is nearly impossible (Thresher & Kuris, 2004). Thus, methods of 

quantifying and predicting invasion success and impacts are important for risk 

assessments and protocols for reducing invader spread.  

1.3 Measuring invasive species impacts 

An important semantic distinction should be clarified regarding invasive species 

‘success’ or ‘invasiveness’ and ‘impact’. The terms are often confused and used 

interchangeably however ‘success’ and ‘invasiveness’ should be defined as the rate 

of establishment and spread of a species whereas ‘impact’ should be defined as a 

measurable change induced by the invader on the receiving ecosystem or native 

species (Ricciardi & Cohen, 2007; Ricciardi et al., 2013). No correlation between 

‘invasiveness’ and ‘impact’ has been found for a range of known invasive species 

(Ricciardi & Cohen, 2007).  

Relating invasion success and impacts to species traits has had some success 

(Kolar & Lodge, 2001; van Kleunen et al., 2010; Keller et al., 2011), however 

generalised methods that can be applied to a broad spectrum of species and 

ecological settings have long lacked advancement. Comparative functional responses 

(FRs) have shown excellent utility in quantifying invasive species impacts, generally 

regarding invasive predators (Dick et al., 2013, 2017a; Bovy et al., 2015; Iacarella et 

al., 2015; Laverty et al., 2015b; Laverty et al., 2017). The FR is a fundamental 
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ecological concept which describes the consumption rate of a resource with regards 

to resource density (Holling, 1959, 1966; Solomon, 1949). Invasive predators are 

often associated with increased per capita effects, and thus comparisons of FR type 

and magnitude can give insights into per capita impacts of invaders. As invaders 

often establish and flourish in particular environmental conditions, the incorporation 

of environmental contexts into FR investigations has further increased their utility in 

understanding impacts from invaders in response to fluctuating thermal regimes 

(South et al., 2017), parasite load (Laverty et al., 2017a), and habitat complexity 

(Alexander et al., 2014; Barrios-O’Neill et al., 2015) to identify how associated 

impacts may change across different conditions.  

Prey switching, or ‘frequency-dependent predation’ (Murdoch, 1969) is another 

fundamental ecological concept that has yet to be fully utilised by invasion ecologists 

and may facilitate predictions of invasion success rather than impacts. The 

phenomenon of prey switching can drive genetic, phenotypic, and biotic diversity 

within ecosystems (Clarke, 1962; Greenwood & Elton, 1979; Allen, 1988; Whiteley 

et al., 1997) by controlling abundant species or phenotypes while simultaneously 

providing refuge for those that are scarce within the environment. Thus, in the case 

of invasive species, especially at initial invasion states whereby abundance within the 

ecosystem is low, invasive species are likely to be ignored by predators. However, 

once abundance increases, if the invader is recognised by predators as a food 

resource, then predator-driven biotic resistance may occur, which would control the 

population and slow the invasion. Alternatively, invasive species may go 

unrecognised by consumers and released from predation pressure, as partially 

explained by the enemy release hypothesis (Keane & Crawley, 2002), whilst native 

prey species may continue to be consumed.  
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Although investigations using FRs and prey switching have focussed on invasive 

predators, their use in investigating invasive prey invasions is slowly gaining 

momentum (Alexander et al., 2015b; Jolly et al., 2016; Skein et al., 2018). Here in 

Chapters 2 and 3, I attempt to combine these methodologies to quantify and predict 

invasion success and biotic resistance using the Pacific oyster, Crassostrea gigas, 

and native blue mussel, Mytilus edulis, as study species. 

1.4 The Pacific oyster: Invasion success and ecological impacts 

The Pacific oyster, Crassostrea gigas, originated from Japan and was introduced 

across the globe to compensate for losses of native oyster populations in Australia 

(O’connor & Dove, 2009), France (Buestel et al., 2009) and the UK (Spencer et al., 

1994) and now forms the largest proportion of shellfish aquaculture worldwide 

(Moissec et al., 2009). The Pacific oyster is now one of the most globalised marine 

invertebrates and natural spat falls outside of aquaculture sites have led to the 

establishment of feral C. gigas populations. Several traits such has fast growth, rapid 

sexual maturation and high fecundity have thus aided successful invasions of C. 

gigas (Troost, 2010). 

Impacts associated with C. gigas invasions are context dependent (Padilla, 2010) 

viand have mostly been investigated with regards to ecosystem engineering effects 

caused by the oysters. Reef formations of oysters can alter local hydrodynamics and 

slow water velocity compared to sediment beds (Styles, 2015), and can in turn 

stabilise sediments which is a positive effect for coastal sediment protection (Walles 

et al., 2015).  

Investigations into biodiversity associated with populations of C. gigas have 

found increases in biodiversity compared to muddy habitats (Green et al., 2013) and 

native mussel beds (Markert et al., 2010). Although increases in biodiversity 
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associated with C. gigas populations may occur, shifts in the associated fauna and 

community structure may occur (Green et al., 2013; Guy et al., 2018; Zwerschke et 

al., 2018a). Such effects on biodiversity should be interpreted carefully however, as 

such effects have been shown to be density-dependent (Green & Crowe, 2013). Reef 

formation has also been shown to alter feeding patterns in higher trophic levels, such 

as seabirds, benefitting some species whilst simultaneously hindering others 

(Markert et al., 2013). Experimental manipulations have also shown that C. gigas can 

have indirect effects as well as direct effects on ecosystem processes. Increased 

biodeposition and the decomposition of such deposits can cause increased anoxia and 

unfavourable infaunal chemistry when C. gigas density increases (Green et al., 2012; 

Green & Crowe, 2013, 2014). Increased cover of C. gigas can also increase sediment 

microbial and the production of CO2 and CH4 (Green et al., 2012), however once 

again, the effects relate to C. gigas density.  

Invasions of C. gigas can induce competition for space and resources with native 

organisms including bivalves, polychaetes and seagrasses (Dubois et al., 2006, 2007; 

Wagner et al., 2012). The Wadden Sea, for example, has seen large scale invasion of 

C. gigas onto beds of the native mussel, Mytilus edulis, to such an extent that they 

are now the dominant ecosystem engineer in some places (Kochmann et al., 2008). 

Their impacts on other resources however, are often ignored even though seston 

depletion can occur above bivalve beds (Dolmer, 2000a; Vismann et al., 2016) which 

is likely to induce interspecific competition with other filter feeders. 

Although more recently coexistence between M. edulis and C. gigas has been 

suggested (Reise et al., 2017b), ecological impacts on M. edulis and the associated 

communities are still understudied. Also, owing to the fact that these species can be 

found in a wide variety of marine habitats that range in physical energy (Ruesink, 
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2007; Dolmer et al., 2014), there is a distinct lack of investigation into how water 

motion may mediate their success and interactions. As previously discussed, water 

motion is a driving force of biological processes and species distributions in the 

marine environment and thus, I believe, a wealth of information regarding Pacific 

oyster invasions may be missing.  

1.5 Thesis aims 

The overarching aim of this thesis was to understand how the invasion 

success and ecological impact of the Pacific oyster, Crassostrea gigas, is altered by 

the abiotic factor of water motion. More specifically, I examined the influence of 

water motion on predation upon, as well as feeding ability and growth rates of, C. 

gigas and a native comparator, Mytilus edulis. Chapter 2 uses laboratory experiments 

assessing functional responses and prey switching of two native predators towards C. 

gigas and M. edulis to help explain the invasion success of C. gigas and whether 

native predators may exert biotic resistance towards their invasion. In Chapter 3, I 

carried out further laboratory experiments to identify whether the predation patterns 

and biotic resistance towards C. gigas invasions, as observed in Chapter 2, are 

affected by the abiotic contexts of season and hydrodynamic disturbance. In Chapter 

4, I used a laboratory experiment to manipulate flow velocity and food concentration 

to identify the influence of wave driven water motion on clearance rates of invasive 

C. gigas and native M. edulis. Clearance rate data were combined with field biomass 

data to facilitate predictions of impacts on plankton resources and where these may 

be greatest based on water motion. In Chapter 5, I conducted a field experiment 

using sites with a range of naturally occurring hydrodynamic conditions including 

both waves and currents. This experiment investigated the influence of water motion 

type on growth rates, condition indices, mortality and competitive interactions 
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between C. gigas and M. edulis. Finally, Chapter 6 synthesises all of the information 

gathered throughout the prior chapters to describe the overall influence of water 

motion on biological processes and interactions regarding native rocky shore species 

and invading C. gigas.  
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Chapter 2: Functional Responses and prey switching quantify 

the invasion success of the Pacific oyster, Crassostrea gigas 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work has been published as: 

Joyce, P.W.S, Dickey, J.W.E., Cuthbert, R.N., Dick, J.T.A. & Kregting, L. (2019) 

Using functional responses and prey switching to quantify the invasion success of the 

Pacific oyster, Crassostrea gigas. Marine Environmental Research, 145:66-72. 



 

13 
 

Abstract 

Invasive alien species continue to proliferate and cause severe ecological impacts. 

Functional responses (FRs) have shown excellent utility in predicting invasive 

predator success, however, their use in predicting invasive prey success is limited. 

Here, I assessed invader success by quantifying FRs and prey switching patterns of 

two native predators, the common sea star, Asterias rubens, and the green crab, 

Carcinus maenas, towards native blue mussels, Mytilus edulis, and invasive Pacific 

oysters, Crassostrea gigas. Asterias displayed destabilising type II FRs, whereas 

Carcinus displayed stabilising type III FRs towards both prey species. Both predators 

exhibited greater search efficiencies and maximum feeding rates towards native 

compared to invasive prey. Both predators disproportionately consumed native 

mussels over invasive oysters when presented simultaneously, even when native 

mussels were rare in the environment, therefore indicating negligible prey switching. 

I demonstrate that invasion success may be mediated through differential levels of 

biotic resistance exerted by native predators. 
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2.1 Introduction 

The rate of invasive alien species (IAS) introductions is increasing (Seebens 

et al., 2017, 2018). Many IAS can drive changes in biodiversity (Molnar et al., 2008), 

habitat (Burlakova et al., 2012) and community structure (Sanders et al., 2003; Guy 

et al., 2018), often leading to novel species interactions between natives and invaders 

(Skein et al., 2018). Previously, there has been a sustained focus on the effects of 

invasive predators on native prey (Dick et al., 2017b), with invasive predators 

perceived to have greater impacts on communities than invasive prey (Salo et al., 

2007). The latter can, however, establish in large numbers with the potential to 

displace native species (Burlakova et al., 2000) and alter predator-prey and 

competitive interactions (Waser et al., 2015). Predicting the outcomes of such 

species introductions has been elusive and plagued with contradictory meta-analyses 

of species traits and lack of application of appropriate methods (Dick et al., 2014).  

Functional responses (i.e. resource use as a function of resource density), and 

prey switching (“frequency dependent predation”), are well known, fundamental 

ecological concepts, however, invasion ecologists have been slow to capitalise on 

their use in assessing and predicting ecological impacts of invasive species. 

Comparative functional response (FR) analysis has shown excellent utility in 

assessing and predicting invader impacts (Dick et al., 2014, 2017b; Laverty et al., 

2017b), but with little application to biotic resistance (Twardochleb et al., 2012). 

Comparative FRs achieve this because they quantify the relative magnitude of 

invader versus native equivalent per capita effects, that then translate into population 

consequences for native resources such as prey species (Dick et al., 2017b). Prey 

switching may complement FR methods (Cuthbert et al., 2018b), as both approaches 

can inform population level outcomes of species interactions. Prey switching by 
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predators can impact prey population stability by controlling abundant prey species 

while simultaneously providing refuge for scarce prey (Murdoch, 1969). Thus, if 

invading prey are consumed by native predators that can readily switch between 

resources, then some level of biotic resistance toward the invader may occur (Sousa 

et al., 2009; Carlsson et al., 2011). Conversely, predators that do not exhibit such 

switching behaviour may reduce the abundance of one prey type while allowing the 

increase of another. Thus, in situations where invasive prey are consumed at a lesser 

rate than native prey, or are ignored completely, the reduced predation pressure on 

invasive prey along with continuous removal of native competitors is likely to 

exacerbate the invasion (Cuthbert et al., 2018a,b). Although this concept appears 

elementary, there is a distinct lack of investigation into prey switching, especially 

with regards to invasive species. 

The Pacific oyster, Crassostrea gigas, is one of the most successful 

invertebrate invaders worldwide (Ruesink, 2007; Herbert et al., 2016) and has been 

documented to colonise and flourish on beds of the native blue mussel, Mytilus 

edulis (Kochmann et al., 2008). Beds of M. edulis that are invaded by C. gigas can 

experience a shift in the dominant ecosystem engineer (Kochmann et al., 2008; Reise 

et al., 2017a) which may lead to implications for the native community. Not only has 

oyster reef formation been suggested to alter M. edulis population size structure by 

reducing predation on small mussels (van der Zee et al., 2012), they can also 

negatively affect foraging in higher trophic levels (Markert et al., 2013). However, 

invasions by Pacific oysters have not led to catastrophic declines in native species 

and complete dominance of the benthos (Reise et al., 2017b) as has been the case 

with, for example, zebra mussels in many freshwater ecosystems (Ricciardi et al., 

1996, 1998). Thus, it can be expected to find evidence that Pacific oysters suffer 
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some degree of biotic resistance from native species, particularly by predators such 

as crabs owing to their generalist feeding nature (Walne & Davies, 1977). 

Blue mussels provide an important and abundant food resource for a range of 

intertidal and subtidal predators including birds, sea stars, and crabs (Ebling et al., 

1964; Paine, 1974; Nehls et al., 1997). Throughout Europe, two of the main 

invertebrate predators of M. edulis are the common sea star, Asterias rubens, and the 

European green crab, Carcinus maenas (Dolmer, 1998; Murray et al., 2007). 

Seasonal swarming of A. rubens onto beds of M. edulis has the potential to destroy 

local populations (Dare, 1982) and C. maenas has been found to have serious 

impacts on commercially valuable mussel beds (Murray et al., 2007). Although the 

diets of A. rubens and C. maenas often contain mussels, they are considered 

generalist predators (Miron et al., 2005). This generalist feeding nature suggests an 

ability to switch between prey species, or show strong preferential feeding on some 

species, depending on relative abundances available. Mascaró & Seed (2001) 

observed consumption of C. gigas by C. maenas thus, these native predators may 

potentially exert some level of biotic resistance toward C. gigas, which may reduce 

invasion success, but also reduce competitor abundance, hence aiding invader 

success. 

Here, I thus employ functional response and prey switching experiments to 

identify density-dependent predation rates and prey switching/preference of 

predators towards both invasive and native prey, in isolation and when presented 

simultaneously. Using two dominant native predators, the common sea star, Asterias 

rubens, and the green crab, Carcinus maenas, I aimed to investigate predation of the 

native blue mussel, M. edulis, and the Pacific oyster, C. gigas, and the balance of 

predator driven biotic resistance or facilitation of C. gigas. 
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2.2 Methods 

2.2.1 Animal collection and maintenance 

Common sea stars, A. rubens, were collected by hand from shallow waters in 

Strangford Lough by snorkelling whilst green crabs, C. maenas, were collected using 

baited crab pots from a rocky shore within 50 m of the sea star collection site (54° 

23′ 30″ N, 05° 34′ 29″ W). Animals were maintained at Queen’s Marine Laboratory, 

Portaferry in through-flowing, sand filtered seawater (13 °C ± 1 °C) pumped from 

the adjacent Strangford Lough. Sea stars were fed whole mussels (> 40 mm shell 

length) ad libitum and held in uncovered, ~500 L tanks allowing natural light 

conditions for two weeks prior to feeding trials. All sea stars were size matched for 

experimental use with maximum arm lengths measuring 70 – 90 mm. Green crabs 

were fed raw herring every two to three days and were held under similar conditions 

to the sea stars for a minimum of one week prior to experiments. Male crabs were 

selected, and size matched with respect to carapace width (60-70 mm) to minimise 

variations due to sex and size. Only individuals free of obvious parasites and with 

both claws intact were used in the experiments. Prior to feeding trials, both sea stars 

and green crabs were starved for 48 hours to standardise hunger levels. Survivability 

of all predators was monitored in the laboratory for at least one week after the 

experiments to ensure all individuals were healthy at the time of feeding. Sea star and 

green crab experiments were conducted in June 2018 and August 2018, respectively. 

The prey, juvenile native blue mussels, Mytilus edulis, were collected by 

hand from a local rocky shore (54° 28′ 13″ N, 05° 32′ 26″ W), and juvenile invasive 

Pacific oysters, Crassostrea gigas, were obtained commercially (Guernsey Sea 

Farms Ltd, Guernsey). Prey were maintained under the same conditions as predators. 

Prey animals used in feeding trials had shell lengths of 15 – 20.99 mm, a size which 
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is most often consumed by crabs with carapace widths used here (Mascaró & Seed, 

2001) and to avoid any confounding effects of prey size. Although A, rubens may 

prefer larger prey than offered here (Saier, 2001) this is likely driven by refuge 

provision. Dolmer (1998) however, observed no size selection of prey by A. rubens 

when offered in isolation.  

2.2.2 Feeding trials 

2.2.2.1 Functional Responses 

For sea stars, feeding trials were conducted in 36 × 26 × 18 cm arenas filled 

with 15 litres of continuously aerated, sand filtered seawater pumped from the 

adjacent Strangford Lough, to which the sea stars were previously acclimated. For 

the FRs, predators were presented with either native mussel or invasive oyster prey at 

six densities (1, 2, 4, 8, 15 or 30; n = 4 per experimental group) which were added to 

each of the arenas five minutes before the addition of a predator. Trials started at 

09:00 and lasted 48 hours, after which predators were removed and remaining live 

prey counted. Due to the number of sea stars (n = 40) necessary for the experiment (n 

= 48 trials), individuals were reused until sufficient replication was complete. 

Individuals were not exposed to the same treatment twice to avoid pseudoreplication. 

For green crabs, feeding trials were conducted in 56 × 36 × 23 cm arenas 

covered with plastic mesh (1 cm mesh size) to allow natural light to penetrate but 

prevent crabs from escaping. Running sea water, pumped from the adjacent 

Strangford Lough, was delivered to the arenas via hoses supplying water at a rate of 

~1.5 L min-1. For the FRs, predators were presented with either native mussel or 

invasive oyster prey at six densities (2, 4, 8, 16, 32 or 64; n ≥ 3 per experimental 

group). Native mussels naturally attached to the base of the arena with byssus threads 

and invasive oysters were adhered to the base of the arena with a small amount of 
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epoxy putty to simulate natural attachment. Attachment of prey to the bottom of 

experimental arenas was necessary for feeding trials with green crabs to ensure prey 

were not washed away or moved by the running water. Prey animals were added to 

each of the arenas 13 hours prior to the feeding period. For consistency, trials started 

at 09:00 and lasted 8 hours, after which predators were removed and the remaining 

live prey counted. For both predators, controls to capture background mortality of 

prey included one replicate of each experimental group in the absence of a predator. 

2.2.2.2 Prey switching 

Predators from FR experiments were reused for prey switching experiments 

after a 48-hour starvation period. Switching experiments were performed under the 

same conditions as the FRs for each of the two predators. For both prey switching 

experiments, native mussels and invasive oysters were added simultaneously in five 

different ratios (0:20, 5:15, 10:10, 15:5, 20:0; sea stars, n ≥ 7 replicates per 

experimental group; green crabs, n ≥ 5 replicates per experimental group). Sea stars 

were allowed to feed for 24 hours with consumed prey being replaced after 12 hours 

to maintain nominal prey ratios. Green crabs were allowed to feed for two hours with 

consumed prey being replaced every 15 minutes to maintain nominal prey ratios. For 

both predators, controls to capture background mortality of prey included one 

replicate of each experimental group without a predator. 

2.2.3 Statistical analyses 

All statistical analyses were undertaken in ‘R’ version 3.4.2 (R Development 

Core Team, 2017). 

2.2.3.1 Functional Responses 

Overall prey consumption in FR experiments with respect to the factors prey 

species and prey density for each predator type was compared using generalised 
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linear models assuming Poisson distributions and log links as counts were not 

overdispersed in relation to degrees of freedom. Analysis of deviance was used to 

report effect sizes using Wald χ2 tests via the car package in R (Fox & Weisburg, 

2011).  

Functional response analysis was undertaken using the ‘frair’ package 

(Pritchard et al., 2017). Logistic regression considering the proportion of prey 

consumed as a function of initial prey density was used to determine FR types. A 

type II FR is determined categorically by a significantly negative first order term and 

a type III by a significantly positive first order term followed by a significantly 

negative second order term. Akaike Information Criterion (AIC) was applied to 

select FR models which minimised information loss. I fit flexible FR models for non-

replacement of prey (Real, 1977; Barrios-O’Neill et al., 2016):  

𝑁𝑒 =  𝑁0(1 − exp (𝑏𝑁0
𝑞(ℎ𝑁𝑒 − 𝑇))) 

where Ne is the number of prey eaten, N0 is the initial prey density, b is the search 

coefficient, q is the scaling component, h is the handling time, and T is the 

experimental time. Categorically, type II FRs are indicated when q = 0, and when q > 

0 the FR becomes increasingly sigmoidal. Here, when type II FRs were indicated, q 

was fixed at 0 and when type III FRs were indicated, q was fixed at 1. The Lambert 

W function was implemented to fit the models to the data (Bolker, 2008). Non-

parametric bootstrapping (n = 2000) was used to produce 95 % confidence intervals 

(CIs) around the FR curves (Pritchard et al. 2017), enabling results to be considered 

at the population-level and thus differences to be inferred on the basis of CI overlaps. 

2.2.3.2 Prey switching 

In prey switching trials, prey ratios of 5:15, 10:10 and 15:5 were formally 

included in analyses to omit singularities in prey choice from analyses (0:20 and 
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20:0). Overall consumption was examined using generalised linear mixed effects 

models using the package ‘lme4’ (Bates et al., 2015) with regards to the factors prey 

species and proportional availability. Owing to repeated measures, each replicate was 

included as a random factor with prey species treated as a within subject variable. 

Effect sizes were then inferred through Wald 2 tests via analysis of deviance. 

Chesson’s selectivity index was used to assess prey preference of sea stars 

and green crabs separately towards invasive oysters (Chesson, 1978, 1983): 

𝛼𝑖 =  
(𝑟𝑖/𝑝𝑖)

∑ (𝑟𝑗/𝑝𝑗)𝑚
𝑗=1

 

where ri is the proportion of prey type i in the diet, pi is the proportion of prey type i 

available, m is the number of prey types, rj is the proportion of prey type j in the diet, 

pj is the proportion of prey type j available. The value of αi ranges from 0 to 1 with αi 

> 0.5 (1/m) inferring positive preference, αi < 0.5 inferring negative preference, and 

αi = 0.5 inferring no preference for either prey type. Chesson’s selectivity indices 

were transformed to reduce extremes (0s and 1s):  

𝛼𝑡 =  
𝛼𝑖(𝑛 − 1) + 0.5

𝑛
 

where αt is the transformed output and n is the sample size. Beta regression was then 

used to compare observed αt values towards invasive oysters with predicted values 

under no preference (i.e. 0.5) across proportions available separately for each 

predator type using the ‘betareg’ package in R (Cribari-Neto & Zeileis, 2010). The 

effect sizes of prey and proportional availability on Chesson’s indices were reported 

using χ2. 
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2.3 Results 

2.3.1 Functional Responses 

Prey survival in controls of both FR experiments was > 99 % thus indicating 

that prey were healthy and mortality in all experimental groups could be attributed to 

predation. 

Figure 2.1 Functional responses of a) the common sea star, Asterias rubens and b) 

the green crab, Carcinus maenas, toward invasive oysters, Crassostrea gigas (red), 

and native mussels, Mytilus edulis (blue), with bootstrapped (n = 2000) 95 % CIs. 

Note difference in axes scales.  

 

For sea stars, overall, a significantly greater proportion of native mussels was 

consumed than of invasive oysters (χ2 = 40.82, df = 1, p < 0.001) and significantly 

greater proportions of prey were consumed when greater densities were supplied (χ2 

= 173.12, df = 5, p < 0.001). A significant prey species × prey density interaction (χ2 

= 27.13, df = 5, p < 0.001) reflected greater consumptive differences in favour of 

native mussels at higher prey densities (Fig. 2.1a).  
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Logistic regression revealed that sea stars exhibited type II FRs towards 

native mussels and invasive oysters (Table 2.1). Sea stars exhibited a significantly 

higher FR towards native mussels than towards invasive oysters, with CIs divergent 

across most prey densities (Fig. 2.1a). The search coefficient, b, was higher toward 

native mussels than invasive oysters (Table 2.1) and handling time, h, tended to be 

lower toward native mussels (Table 2.1). Maximum feeding rates, 1/h (i.e. FR curve 

asymptote), were thus higher when consuming native mussels as compared to 

invasive oysters (Table 2.1, Fig 2.1a). 

Overall, green crabs consumed significantly more native mussels than 

invasive oysters (χ2 = 17.37, df = 1, p < 0.001) and consumption increased under 

greater prey densities (χ2 = 463.34, df = 5, p < 0.01). A significant ‘prey species × 

prey density’ interaction (χ2 = 27.13, df = 5, p < 0.01), reflected increased 

consumption of native mussels compared to invasive oysters under low-intermediate 

prey densities which is mirrored in the FR (Fig. 2.1b). 

For green crabs, results of logistic regression towards mussel prey were 

equivocal between types II and III (Table 2.1), however, AIC indicated the type III 

model was the best fit. Green crabs exhibited a type III FR toward invasive oysters. 

Functional response CIs were divergent at low prey densities but converged above 

densities of 20 (Fig. 2.1b). As with sea stars, the search coefficient, b, was higher 

towards native mussels than invasive oysters (Table 2.1) and the handling time, h, of 

native mussels was lower compared to invasive oysters (Table 2.1). Maximum 

feeding rates, 1/h, therefore tended to be higher towards native mussels (Table 2.1; 

Fig. 2.1b).  
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Table 2.1 Results of logistic regression for both type II and type III models of the 

common sea star, Asterias rubens, and the green crab, Carcinus maenas, towards 

invasive oysters, Crassostrea gigas, and native mussels, Mytilus edulis, considering 

prey eaten as a function of prey density. Terms marked * indicate significant terms. 

Parameter estimates resulting from flexible FR models are shown.  

 

Asterias rubens Carcinus maenas 

Prey species C. gigas M. edulis C. gigas M. edulis 

Logistic regression 

    
  Type II FR 

    
    First term -0.029 -0.041 -0.004 -0.036 

    P value 0.026* 0.006* 0.323 < 0.001* 

  Type III FR 

    
    First term -0.181 -0.104 0.070 0.122 

    P value 0.016* 0.265 0.002* < 0.001* 

    Second term 0.004 0.002 -0.001 -0.002 

    P value 0.040* 0.489 < 0.001* < 0.001* 

Parameter estimates 

    
  b 0.703 2.046 0.077 0.273 

  h 0.087 0.026 0.036 0.027 

  q 0 0 1 1 

1/h 11.494 38.760 30.769 37.175 
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2.3.2 Prey switching 

In sea star switching trials, overall, consumption of native mussels was 

greater than of invasive oysters (χ2 = 10.55, df = 1, p < 0.01), and prey proportions 

available did not significantly influence consumption (χ2 = 5.53, df = 2, p > 0.05). 

However, a significant prey species × proportion available interaction (χ2 = 9.53, df = 

2, p < 0.01) reflected greater consumptive differences in favour of native mussels 

when under equal prey proportions with invasive oysters. 

Chesson’s selectivity indices toward invasive oysters were found to be 

significantly lower than the null preference value of 0.5 (χ2 = 22.29, df = 1, p < 

0.001), thus indicating positive preference for native mussels overall (Table 2.2, Fig 

2.2). This effect was consistent across all proportions as there was no significant prey 

species × proportion available interaction (χ2 = 2.19, df = 2, p = 0.33), reflecting a 

lack of prey switching and consistent disproportionate consumptive preference for 

native mussels over invasive oysters by sea stars (Fig 2.2). 

Overall, green crabs consumed significantly more native mussels than 

invasive oysters (χ2 = 10.48, df = 1, p < 0.001). Consumption of a prey species 

tended to be greater when prey were available in greater proportions, but this effect 

was not significant (χ2 = 2.85, df = 2, p > 0.05). Consumption rates of each prey 

species were consistent across prey ratios as the prey species × proportion available 

interaction was not significant (χ2 = 5.69, df = 2, p > 0.05). 

 

 

 

 



 

26 
 

Table 2.2 Chesson’s selectivity indices (αi ± S.E.) for the common sea star, Asterias 

rubens, and the green crab, Carcinus maenas, toward invasive oysters, Crassostrea 

gigas, and native mussels, Mytilus edulis, at varying prey proportion availabilities. 

Selectivity indices above 0.5 indicate positive preference whilst indices below 0.5 

indicate negative preference of a prey type.  

Predator:prey combination Proportion available Chesson αi ± S.E. 

Asterias rubens 

  
   C. gigas 0.25 0.19 ± 0.08 

 

0.50 0.11 ± 0.05 

 

0.75 0.32 ± 0.13 

   M. edulis 0.25 0.68 ± 0.13 

 

0.50 0.89 ± 0.05 

 

0.75 0.81 ± 0.08 

Carcinus maenas 

  
   C. gigas 0.25 0.22 ± 0.07 

 

0.50 0.44 ± 0.04 

 

0.75 0.24 ± 0.05 

   M. edulis 0.25 0.76 ± 0.05 

 

0.50 0.56 ± 0.04 

 

0.75 0.78 ± 0.07 
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Chesson’s selectivity indices towards invasive oysters were, again, 

significantly lower than the null preference values of 0.5 overall (χ2 = 31.49, df = 1, p 

< 0.001), thus indicating positive preference for native mussels over invasive oysters 

by green crabs (Table 2.2; Fig. 2.2b). A significant prey species × proportion 

available interaction (χ2 = 12.26, df = 2, p < 0.01) reflected reduced preference of 

native mussels when available at proportions of 0.5, but a lack of prey switching was 

evidenced overall given a disproportionate preference for native mussels across all 

choices (Fig. 2.2). 



 

28 
 

Figure 2.2 Proportion of either Crassostrea gigas (red) or Mytilus edulis (blue) 

consumed (mean ± S.E.) as a function of their respective proportional availability for 

a) the common sea star, Asterias rubens, and b) the green crab, Carcinus maenas. 

The solid line indicates expected values if no prey preference was to occur. The 

dashed line indicates a hypothetical prey switching pattern.  
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2.4 Discussion 

With the rate of spread of invasive alien species (IAS) showing little sign of 

abating (Seebens et al., 2018), invasion ecology needs effective methodologies for 

assessing and predicting the success and impacts of established, emerging, and future 

IAS (Dick et al., 2017b; Cuthbert et al., 2018b; Dickey et al., 2018). Functional 

responses (FRs) have shown excellent utility in predicting the success and impacts of 

invasive predators (Dick et al., 2014; Bovy et al., 2015; Xu et al., 2016; Laverty et 

al., 2017b), yet few studies examine FRs toward invasive prey (but see Twardochleb 

et al. 2012). While FRs have been shown to offer good predictive ability of IAS 

impacts (Dick et al., 2017b), the inclusion of prey switching experiments, with more 

than one prey species provided simultaneously, could further enhance our knowledge 

(Cuthbert et al., 2018b). This is because FRs in terms of type (i.e. shape of curve) 

and magnitude (i.e. maximum feeding rates), plus switching (i.e. “frequency 

dependent predation”), help quantify the population outcomes of consumer 

behaviour towards resources (e.g. predator-prey, see Dick et al. 2014). 

Pacific oysters have invaded ecosystems worldwide but have not always had 

drastic impacts or caused competitive exclusion of other bivalve species (Reise et al., 

2017b). To quantify this pattern of invasion I combined FR and prey switching 

experiments using two native predators, the common sea star, Asterias rubens, and 

the green crab, Carcinus maenas, toward the native blue mussel, Mytilus edulis, and 

invasive Pacific oyster, Crassostrea gigas. Asterias rubens exhibited a higher-

magnitude type II FR toward M. edulis compared to C. gigas, while C. maenas 

showed type III FRs towards both prey species, with similar maximum feeding rates 

between prey types but increased predation upon native M. edulis, particularly at low 

densities. I also found that when prey were offered simultaneously, both predators 
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disproportionately consumed native M. edulis over invasive C. gigas prey, even 

when M. edulis was rare in the environment, thus suggesting a lack of predator-

driven biotic resistance towards C. gigas invasion. 

Although A. rubens exhibited destabilising type II FRs towards both prey 

species, increased search efficiency and decreased handling times were shown 

toward native M. edulis compared to invasive C. gigas. Consequently, my results 

indicate that A. rubens exerts strong destabilising impacts toward native M. edulis 

due to high predation rates at low prey densities and lower handling times which 

drive high maximum feeding rates (Dick et al., 2013), and reduced predation 

pressure upon invasive C. gigas. In particular, lower handling times of A. rubens and 

C. maenas towards M. edulis compared to C. gigas prey suggests that predators are 

quicker to open, consume, and digest the native prey, which may be a function of 

shell morphology or thickness, even though shell length between prey species was 

matched in experiments (Griffiths & Seiderer, 1980). 

Whilst green crabs displayed greater similarities in maximum feeding rates 

between prey species, feeding rates were considerably higher towards the native 

prey. In contrast to sea stars, green crabs displayed equivocal type II and type III FRs 

toward native M. edulis and a more stabilising type III FR toward invasive C. gigas. 

Although unexpected due to the experimental setup, where type II FRs tend to 

emerge when predators cannot “switch”, type III FRs are likely to be encountered 

under natural conditions and have previously been found toward mussel prey 

(Griffen & Delaney, 2007). Type III FRs suggest the presence of a low density 

refuge for prey, reducing the risk of predation when prey fall below a certain 

threshold (Murdoch & Oaten, 1975). The higher search efficiency which C. maenas 

displayed toward native M. edulis suggests a greater predatory impact due to a higher 
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rate of prey consumption at low prey densities, which may be more destabilising for 

native mussel populations at low densities. 

For generalist predators such as A. rubens and C. maenas, invasive prey 

species may provide a novel resource should they be recognised as prey. Ruesink 

(2007) found significant predation upon C. gigas on rocky shores suggesting these 

ecosystems exert biotic resistance toward the invasion. Here, although A. rubens 

were offered loose prey and C. maenas were offered prey under more ‘realistic’ 

conditions whereby prey animals were attached to the substratum, when native M. 

edulis and invasive C. gigas were provided simultaneously, I found that neither 

predator showed evidence of prey switching behaviour. Native M. edulis was 

disproportionately consumed by A. rubens across all prey species proportion 

combinations, thus sea stars actively sought native M. edulis prey, even when 

availability was low. Mascaró & Seed (2001) investigated prey choice of C. maenas 

towards several bivalve species, however, the proportional availabilities of the prey 

species were not altered. Such frequency dependent predation is often overlooked, 

yet is considered a major driver of genetic, phenotypic, and species diversity (Clarke, 

1962; Greenwood & Elton, 1979; Allen, 1988; Whiteley et al., 1997). Species or 

polymorphs that are rare in the environment may be disproportionately ignored by 

predators allowing their abundance to increase and vice versa, thus substantially 

contributing to diversity changes. The lack of switching by both predators indicates 

that even when occupying low proportions of prey availability, native M. edulis are 

consumed at disproportionately high rates. Invasive C. gigas are consumed in low 

numbers irrespective of availability, and are largely relieved from predation pressure, 

contrary to the alternative prey hypothesis (Angelstam et al., 1984). This low level of 
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predation suggests a small amount of predator driven biotic resistance towards C. 

gigas which corroborates with its limited ecological impacts (Reise et al., 2017b). 

Naïveté due to lack of co-evolutionary history is a common concept in 

invasion ecology however the concept is most often applied to native prey in 

response to invasive predators (Cuthbert et al., 2018a). Also, it has also been shown 

that conditioning predators to prey species can occur (Hall et al., 1982). The 

predators in this study, however, were collected from a site where M. edulis is 

common whereas C. gigas is scarce. The feeding of M. edulis to A. rubens prior to 

experimental trials is thus unlikely to have provided any extra conditioning to their 

natural state. The predators here were thus faced with a novel prey choice and the 

results provide insights into predation patterns at initial states of C. gigas invasion. 

Although the preference for M. edulis over C. gigas appeared greater for A. rubens 

compared to C. maenas, the lack of significant switching shown by both predators 

further suggests native predator naïveté towards C. gigas, and that laboratory 

conditioning was unlikely a driver of these results. The preference pattern observed 

may be because neither predator recognises the novel chemical cue of C. gigas as 

potential prey. Certainly, prolonged exposure of predators to C. gigas as an available 

prey source may alter these predation patterns, however I show that biotic resistance 

to initial invasions is unlikely. Chemical cues are understood to play several roles in 

predator-prey dynamics (Leonard et al., 1999; Weissburg & Zimmer-Faust, 1994; 

Griffiths & Richardson, 2006) and are commonplace in the aquatic environment. 

Invasive alien species have been shown to produce chemical cues which may 

facilitate their invasion by inducing behavioural displacement of native species (Raw 

et al., 2013). Further investigation into chemical detection of invasive prey by native 
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predators should be investigated as evolutionary experience and learning may 

increase predation on invasive prey species in the future. 

Although the mechanism as to why C. gigas consumption by predators is 

reduced in this study needs further investigation, comparisons of predation towards 

trophically similar native and invasive prey gives further insights into predator-

driven biotic resistance towards invasions. The disproportionate consumption of M. 

edulis over C. gigas may facilitate invasions by reducing predation pressure on 

invasive C. gigas and removing potential competitors for resources (i.e. space) from 

the system. If such patterns were to occur in the field, then predation pressure may 

further increase towards M. edulis populations. Conversely, it may be predicted that 

habitat complexity provided by adult C. gigas may create structural refugia which 

could additionally alter consumption by predators (Grabowski & Powers, 2004; 

Alexander et al., 2012; Bertolini et al., 2018) and lead to M. edulis persistence after 

invasion (Reise et al., 2017b). 

Of course, other life history traits also contribute to invasion success, such as 

the high growth rates, or the high fecundity of invaders (Troost, 2010). However, the 

results presented here corroborate with field patterns of C. gigas invasion (e.g. Reise 

et al., 2017b), and further inform patterns of invasion success potentially owing to 

the lack of biotic resistance shown by native predators. In my FR experiments, green 

crabs consumed similar numbers of M. edulis and C. gigas at high densities, 

suggesting they may exert some control over both invasive and native populations. 

The preference for M. edulis over C. gigas in the prey switching experiments further 

informs their interaction, whereby M. edulis is disproportionately consumed whilst 

C. gigas is alleviated from predation pressure, inferring a lack of predator-driven 

biotic resistance towards C. gigas invasion. Thus, I advocate the combined use of 
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functional responses and prey switching experiments to understand and predict 

invader success, impacts on native populations, and strength of biotic resistance from 

native communities. 
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Chapter 3: The influence of hydrodynamic and seasonal 

variation on functional responses and prey switching 
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Abstract 

Coastal ecosystems are subject to a wide variety of abiotic variations including 

hydrodynamic disturbance and seasonal fluctuations. Additionally, introductions of 

invasive species are also creating biotic pressures within coastal ecosystems which 

can influence biological interactions. With the development of comparative 

functional responses (FRs) and prey switching in invasion ecology, invasion success 

and ecological impacts of invaders can be quantified. Further, the incorporation of 

environmental contexts allows predictions under a range of ecological scenarios. 

Here, I examined the FR and prey switching propensities of the European green crab, 

Carcinus maenas, towards native blue mussels, Mytilus edulis, and invasive Pacific 

oysters, Crassostrea gigas, under the abiotic contexts of season (winter vs summer) 

and hydrodynamic disturbance (low vs high). Handling times were lower, and thus 

maximum feeding rates were higher in summer compared to winter. In general, 

maximum feeding rates were higher towards native M. edulis prey compared to 

invasive C. gigas prey. Hydrodynamic disturbance level did not significantly affect 

handling times or maximum feeding rates towards either species. When prey were 

offered simultaneously, C. maenas disproportionately consumed M. edulis over C. 

gigas irrespective of proportional availability and increased hydrodynamic 

disturbance further increased the disproportionate consumption towards M. edulis. I 

demonstrate that C. maenas offers little biotic resistance to invasions of C. gigas 

under a range of abiotic contexts and advocate the combined use of FRs and prey 

switching to quantify invasion success of, and biotic resistance towards, invasive 

species.  
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3.1 Introduction 

Coastal ecosystems are subject to a wide range of abiotic conditions including 

varied temperature, nutrient availability, water turbidity and hydrodynamic 

condition. While hydrodynamic variability is often overlooked as a driving factor 

affecting species interactions, it is considered a major driver of species distributions 

(Denny, 2006). With a changing climate, significant wave heights in the North 

Atlantic have increased by 0.01 metres yr-1 over the last 100 years (Bertin et al., 

2013; Castelle et al., 2018). Coastal infrastructure including renewable energy 

developments and aquaculture are also shown to change local hydrodynamic 

conditions (Lin et al., 2016). Long term changes to localised hydrodynamic 

environments will likely impact current biotic processes and species interactions 

along coastlines (Kawamata, 1998; Marchinko & Palmer, 2003; Jonsson et al., 2006; 

Kregting et al., 2013, 2016) further altering these ecosystems.  

Biotic interactions within ecosystems are likely to be affected by seasonal change 

owing to changes in physical parameters such as day length, rainfall, wind speed and 

temperature among other factors. Variations in temperature, which occurs naturally 

on seasonal cycles and with anthropogenically influenced climate change, is likely 

one of the main abiotic factors affecting physiological processes such as growth, 

feeding and locomotion due to its influence on metabolic rate (Brown et al., 2004). 

Several investigations into the influence of temperature on predation have been 

conducted, with many showing that increases in temperature can decrease handling 

times and increase maximum feeding rates, especially in ectotherm predators 

(Vasseur et al., 2014). However, many of these studies use artificially altered thermal 

regimes. Physiological processes such as mating occur in seasonal cycles which may 

also affect predation (Hayden et al., 2007), but are often overlooked when 
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investigating thermal influences. Predation is an important factor in structuring 

coastal communities (Paine, 1974; Grosholz et al., 2000), and thus changes in 

predation rates throughout seasons may have implications for prey populations as 

well as commercially valuable stocks (Sanchez-Salazar et al., 1987; Murray et al., 

2007).  

Alongside abiotic change, coastal ecosystems are facing increased pressures from 

biotic change via the ever increasing number of invasive species introductions 

(Seebens et al., 2017, 2018). Invasive species can have severe impacts on recipient 

communities including altering the physical habitat (Burlakova et al., 2012), 

community structure (Guy et al., 2018) and biodiversity (Molnar et al., 2008). 

Invasive predators are perceived to have greater ecological impacts than invasive 

prey species and thus have received greater attention (Salo et al., 2007). Invasive 

prey species can also induce ecological impacts through the displacement of native 

species (Burlakova et al., 2000) and alteration of predator-prey dynamics (Waser et 

al., 2015).  

Comparative functional responses (FRs) have shown excellent utility in 

quantifying ecological impacts caused by invasive species (Dick et al., 2017a). In 

addition, the incorporation of prey switching (Murdoch, 1969) may further inform 

patterns of invasion success, ecological impacts and predation driven biotic 

resistance towards invasive species, particularly invasive prey (Cuthbert et al., 

2018b; Skein et al., 2018). Predators that have the ability to switch between 

resources may recognise invasive prey species as a novel food source which may 

thus lead to a level of predator-driven biotic resistance towards the invader (Sousa et 

al., 2009; Carlsson et al., 2011). However, invasive prey may also go unrecognised 

by native predators, or predators may lack the capacity to switch between resources 
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which may lead to continuous consumption of native prey while simultaneously 

relieving the invasive prey from predation. Although the incorporation of ecological 

contexts such as temperature (South & Dick, 2017) and habitat complexity 

(Alexander et al., 2012) into FR investigations has been shown to improve their 

utility, recent investigations into prey switching have not yet utilised the 

incorporation of abiotic contexts (Cuthbert et al., 2018b; Skein et al., 2018).  

The Pacific oyster, Crassostrea gigas, is one of the most globalised marine 

invertebrates on coastal rocky shores (Herbert et al., 2016) and may provide a novel 

food source for some predators (Wright et al., 2018). Native mussel beds provide a 

vital food source for a wide range of organisms (Ebling et al., 1964; Paine, 1974) and 

are thus a vital part of coastal ecosystems, but in many cases have been invaded by 

Pacific oysters (Troost, 2010; Kochmann & Crowe, 2014; Reise et al., 2017a). 

Throughout Europe, the green crab, Carcinus maenas, is one of the most common 

predators of M. edulis in coastal communities (Paine, 1974) often making up large 

quantities of their diets (Murray et al., 2007). Although considered a generalist 

predator (i.e. they can switch between resources), it has been shown that C. maenas 

is likely to exert very limited biotic resistance on C. gigas (Joyce et al., 2019b). 

However, it is not understood whether such patterns of predation are consistent under 

varied abiotic conditions. 

Thus here, I examined functional responses of C. maenas towards invasive C. 

gigas and native M. edulis separately, at two different time points (one during winter 

and one during summer) and with two levels of hydrodynamic disturbance (high and 

low). I also examined prey switching patterns of C. maenas, whereby the two prey 

species were presented simultaneously during summer, using two levels of 
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hydrodynamic disturbance to assess whether such abiotic conditions will alter the 

level of biotic resistance towards C. gigas by C. maenas.  

3.2 Methods 

3.2.1 Animal collection and maintenance 

Green crabs, Carcinus maenas, were collected using baited crab pots from a 

rocky shore (54° 23′ 30″ N, 05° 34′ 29″ W) and housed at Queen’s University 

Marine Laboratory, Portaferry in through-flowing, sand filtered seawater pumped 

from the adjacent Strangford Lough. Green crabs were held in ~500 L tanks and fed 

raw herring ad libitum for at least one week prior to trials to acclimate them to 

laboratory conditions. Only male crabs with a carapace width of 60-70 mm, that had 

both claws intact and were free of parasites were used in the experiments. Prior to 

feeding trials, crabs were starved for 48 hours to standardise hunger levels. After use 

in the experiments, crabs were maintained in the laboratory for one week to ensure 

animals were healthy and feeding had not been affected by imminent moulting.  

Juvenile invasive Pacific oysters, Crassostrea gigas, were obtained from a 

commercial spat producer (Guernsey Sea Farms Ltd, Guernsey) and juvenile native 

blue mussels, Mytilus edulis, were collected by hand from a local intertidal rocky 

shore (54° 28′ 13″ N, 05° 32′ 26″ W). Prey were maintained under the same 

conditions as predators and were size matched with respect to shell length (15 – 

20.99 mm) to avoid confounding prey size within treatments. Collection of animals 

occurred in December 2017 and August 2018 for winter and summer experiments, 

respectively.  



 

41 
 

3.2.2 Feeding trials 

3.2.2.1 Functional responses 

Functional response feeding trials were conducted in 56 × 36 × 23 cm 

outdoor mesocosms covered with 1 cm plastic mesh thus preventing crabs from 

escaping but allowing natural light to penetrate. To manipulate disturbance levels, 

running sea water, pumped from the adjacent Strangford Lough was supplied to the 

mesocosms by either (1) hoses supplying water at a rate of ~1.5 L min-1 from a 

height of 5 cm above the experimental mesocosm, simulating a low disturbance 

regime, or (2) by weighted overhead dump buckets that emptied every ~1 minute 

from a height of ~ 0.7 m, delivering ~4 L of water to 2 mesocosms, simulating a high 

disturbance regime (Mrowicki & O’Connor, 2015). Mesocosms were provided with 

either invasive oyster or native mussel prey at 6 densities (2, 4, 8, 16, 32 or 64; n ≥ 3 

per experimental group). Oysters were adhered to the base of each mesocosm with a 

small amount of epoxy putty to simulate natural attachment and mussels were 

allowed to attach to the base of mesocosms naturally with byssus threads. Prey were 

left in mesocosms for 13 hours prior to the feeding period to allow sufficient 

attachment strength of mussels. Crabs were added to the mesocosms at 09:00 and 

removed after 8 hours and the remaining live prey quantified. Experiments were 

conducted in December 2017 (winter) and August 2018 (summer) to measure 

seasonal influence on predation rates. A temperature logger (Aqualogger 520PT, 

Aquatec Group, Hampshire, UK) located on the Portaferry Quay adjacent to Queen’s 

University Marine Laboratory, measured sea water temperature every 15 minutes at 

the time of experiments, which were 6.2 ± 0.1 °C and 14.0 ± 0.2 °C during winter 

and summer, respectively (Kregting unpublished data). Controls consisted of one 
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replicate of each experimental group in the absence of a predator to quantify 

background mortality of prey.  

3.2.2.2 Prey switching 

A prey switching experiment was performed under the same conditions as the 

FRs, however, this was only performed in summer 2018 due to the predicted 

increased predation rates. Invasive oysters and native mussels were added 

simultaneously in 5 different ratios (0:20, 5:15, 10:10, 15:5, 20:0; n = 5 per 

experimental group) and adhered to the mesocosm base as per the FR experiment. 

Crabs were added to the mesocosms and allowed to feed for 2 hours with consumed 

prey being replaced every 15 minutes to maintain nominal prey ratios. Controls 

consisted of one replicate of each experimental group in the absence of a predator to 

quantify background mortality of prey.  

Data from the summer low disturbance treatment FR and prey switching 

experiments have previously been used by Joyce et al. (2019b).  

3.2.3 Statistical analyses 

3.2.3.1 Functional responses 

Overall prey consumption in FR trials was compared using a generalised 

linear model assuming Poisson distribution and log link as counts were not 

overdispersed in relation to degrees of freedom. Consumption was compared with 

respect to the factors prey species, disturbance level and season along with prey 

density. Non-significant interactions between terms (p > 0.05) were systematically 

removed to reduce the model with χ2 via analysis of deviance used for model 

simplification as well as reporting the effect sizes. Significant effects and interactions 

were compared using Tukey’s post hoc comparisons via the lsmeans package in R 

(Lenth, 2016).  
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Functional response analysis was undertaken using the ‘frair’ package 

(Pritchard et al., 2017). Logistic regression was used to infer FR types with respect to 

the proportion of prey consumed as a function of initial prey density. Categorically, 

type II FRs are indicated by a significantly negative first order term whereas type III 

FRs are indicated by a significantly positive first order term followed by a 

significantly negative second order term. Information loss was minimised by using 

Akaike Information Criterion (AIC) for mosdel selection. Flexible FR models for 

non-replacement of prey were fitted (Real, 1977; Barrios-O’Neill et al., 2016;):  

𝑁𝑒 =  𝑁0(1 − exp (𝑏𝑁0
𝑞(ℎ𝑁𝑒 − 𝑇))) 

where Ne is the number of prey consumed, N0 is the initial prey density, b is the 

search coefficient, q is the scaling component, h is the handling time, and T is the 

experimental time. When q = 0 type II FRs are indicated, and when q > 0 the FR 

becomes increasingly sigmoidal. Here, q was fixed at 0 when type II FRs were 

indicated, and q was fixed at 1 when type III FRs were indicated. The Lambert W 

function was used to enable model fitting (Bolker, 2008). Data were non-

parametrically bootstrapped (n = 2000) to produce 95 % confidence intervals (CIs) 

allowing the FRs to be considered in population terms (Pritchard et al., 2017). 

3.2.3.2 Prey switching 

Prey ratios of 0:20 and 20:0 were removed from analyses due to the inherent 

lack of switching opportunity for predators. Overall consumption was examined 

using a generalised linear mixed effects model using the package lme4 (Bates et al., 

2015) to account for repeated measures. Consumption was analysed with regards to 

the factors prey species, proportion available and disturbance level. Each replicate 

was included as a random factor with prey species treated as a within subject 

variable. Interactions between terms were systematically removed to reduce the 
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model with χ2 via analysis of deviance used for model simplification as well as 

reporting the effect sizes of the factors using the car package (Fox & Weisburg, 

2011). 

Chesson’s selectivity index (Chesson, 1978, 1983) assessed prey preference 

of green crabs towards invasive oysters when available in various proportions and 

under different disturbance levels. Chesson’s index was calculated as: 

𝛼𝑖 =  
(𝑟𝑖/𝑝𝑖)

∑ (𝑟𝑗/𝑝𝑗)𝑚
𝑗=1

 

Where ri is the proportion of prey type i in the diet, pi is the proportion of prey type i 

available, m is the number of prey types, rj is the proportion of prey type j in the diet, 

pj is the proportion of prey type j available. Chesson’s index, αi, ranges from 0 to 1 

with αi > 1/m (here, 1/m = 0.5) inferring positive preference, αi < 0.5 inferring 

negative preference, and αi = 0.5 inferring no preference for either prey type. 

Extreme Chesson’s selectivity indices (0s and 1s) were reduced via transformation:  

𝛼𝑡 =  
𝛼𝑖(𝑛 − 1) + 0.5

𝑛
 

where αt is the transformed output and n is the sample size. Beta regression 

compared αt values towards invasive oysters with predicted values of no preference 

(i.e. 0.5) across proportional availabilities and disturbance levels using the ‘betareg’ 

package (Cribari-Neto & Zeileis, 2010). The effect sizes of prey and proportional 

availability on Chesson’s indices of the invasive oyster were reported using χ2. 

 All statistical analyses were undertaken in ‘R’ version 3.4.2 (R 

Development Core Team, 2017). 
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3.3 Results 

3.3.1 Functional responses 

Prey survival in predator free controls was 100% thus prey were determined 

to be healthy at the time of the experiments and mortality was attributed to predation. 

Overall, significantly more native mussels were consumed than invasive 

oysters (χ2 = 45.91, df = 1, p < 0.001), significantly more prey were consumed in 

summer compared to winter (χ2 = 57.50, df = 1, p < 0.001), and significantly more 

prey were consumed when more were available (χ2 = 199.65, df = 5, p < 0.001). A 

significant prey species  season interaction reflects the greater consumptive 

difference between seasons for invasive oysters compared to native mussels (χ2 = 

5.53, df = 1, p < 0.05). Tukey’s post hoc comparisons revealed significant 

differences in consumption for all prey species × season combinations other than for 

mussel prey in winter compared to oyster prey in summer, between which 

consumption was similar (Z = 0.56, p > 0.05). 

Functional responses were generally destabilising type II with one categorical 

type III response in summer towards invasive oysters within the low disturbance 

treatment. Two further responses returned equivocal type II and type III responses, 

however, in these cases lower AIC values for type III models suggested reduced 

information loss. One case (mussel prey, high disturbance, summer) returned no 

significant responses due to extreme consumption thus, due to the invertebrate 

predator type, a type II response was logically selected. 

For each prey species × disturbance combination within winter and summer, 

respectively, functional response CIs overlapped across all prey densities, thus 

disturbance level had no effect on predation.  
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For native mussel prey under the high disturbance treatment, consumption in 

summer was greater than in winter with 95% CIs showing no overlap at any prey 

density (Fig. 3.1). The search coefficient was greater and handling time was lower in 

summer compared to winter (Table 3.1). Under the low disturbance treatment, 

consumption was similar between seasons with 95% CIs overlapping across all prey 

densities (Fig. 3.1). However, similarly to the high disturbance treatments, the search 

coefficient was greater and handling time was lower in summer compared to winter.  
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Table 3.1 Results of logistic regression for both type II and type III FR models 

towards invasive oysters and native mussels during winter and summer and under 

high and low disturbance levels models, considering prey eaten as a function of prey 

density. Terms marked * indicate significant terms. Parameter estimates resulting 

from models are shown. 

 Winter 

 High disturbance Low disturbance 

 C. gigas M. edulis C. gigas M. edulis 

Logistic regression     
Type II FR     
First order -0.026 0.037 -0.0269 -0.0237 

P <0.001* <0.001* <0.001* <0.001* 

AIC 152.23 353.27 271.65 373.59 

Type III FR     
first order 0.0163 0.1201 0.0398 0.0410 

P 0.589 <0.001* 0.1254 0.066 

second order -0.0005 -0.0021 -0.0009 -0.0008 

P 0.146 <0.001* 0.007* 0.003* 

AIC 152.11 305.24 266.50 366.91 

Parameter estimates     
b 0.2445 0.1192 0.3420 1.1263 

q 0 1 0 0 

h 0.2265 0.0634 0.1470 0.0309 

1/h 4.41466 15.750 6.7986 32.309 

 Summer 

Type II FR     
First order -0.0124 -0.0099 -0.0039 -0.0358 

P 0.002* 0.204 0.323 <0.001* 

AIC 225.71 71.56 480.78 207.30 

Type III FR     
first order -0.0832 -0.0523 0.0702 0.1217 

P <0.001* 0.2877 0.002* <0.001* 

second order 0.0009 0.0005 -0.0009 -0.002 

P 0.002* 0.3763 <0.001* <0.001* 

AIC 218.01 72.752 471.52 190.11 

Parameter estimates     
b 0.7437 2.6705 0.0773 0.2727 

q 0 0 1 1 

h 0.0292 0.0039 0.0325 0.0269 

1/h 34.195 252.75 30.769 37.155 
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For invasive oyster prey under the high disturbance treatment, consumption 

by crabs in summer was significantly greater than in winter, with 95% CIs showing 

no overlap at any prey density (Fig. 3.1). The search coefficient was greater and 

handling time was lower in summer compared to winter (Table 3.1). Under the low 

disturbance treatment, different FR types occurred between summer and winter with 

the FR in winter being type II and summer being type III (Fig. 3.1). Functional 

Response 95% CIs overlapped at prey densities below 15 and above 50, thus 

consumption was significantly increased in summer compared to winter at 

intermediate prey densities only. The search coefficient was lower in summer 

compared to winter due to the type III response shown in summer. Handling time 

was lower, and thus maximum feeding rate was greater, in summer compared to 

winter (Table 3.1).  

In winter, FRs towards native mussels were greater than towards invasive 

oysters (Fig. 3.1), however, 95% CIs overlapped at prey densities above ~38 for both 

disturbance levels. Greater search coefficients and lower handling times were 

observed towards native mussels compared to invasive oysters (Table 3.1). 

In summer, the FR towards native mussels was higher than invasive oysters 

in the high disturbance treatment (Fig. 3.1). Within the low disturbance treatment, 

type III FRs were shown with 95% CI overlap at prey densities above 20, however, 

predation towards native mussels at densities below 20 was greater than towards 

invasive oysters (Fig. 3.1). Although 95% CIs overlapped at high prey densities, 

lower handling times, and thus greater maximum feeding rates, tended to be shown 

towards native mussels compared to invasive oysters (Table 3.1).  
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Figure 3.1 Functional responses of green crabs, Carcinus maenas, towards invasive 

oyster, Crassostrea gigas, and native blue mussel, Mytilus edulis, prey in winter and 

summer as well as under high and low disturbance levels. The summer-low 

disturbance treatment data is shared with Joyce et al. (2019b). 
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3.3.2 Prey switching 

Significantly more native mussels were consumed compared to invasive 

oysters (χ2 = 39.04, df = 1, p = <0.001) and a main effect of proportion available 

shows that more prey were consumed when available in greater proportions (χ2 = 

37.34, df = 2, p = < 0.001). Disturbance level did not significantly alter consumption 

(χ2 = 0.09, df = 1, p = 0.77).  

Chesson’s selectivity indices towards invasive oysters were found to be 

significantly lower than the null preference value of 0.5 (χ2 = 15.13, df = 1, p < 

0.001; Table 3.2). A significant prey species × proportion available × disturbance 

interaction (χ2 = 6.1148, df = 2, p = 0.047) reflects the reduced preference for native 

mussels when available at a proportion of 0.5 in the low disturbance treatment (Fig. 

3.2). Thus overall, C. maenas exhibited a lack of switching behaviour and 

disproportionate consumption of mussels across treatments (Fig. 3.2). 
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Table 3.2 Chesson’s selectivity indices (αi ± S.E.) for Carcinus maenas towards 

invasive oysters, Crassostrea gigas, and native mussels, Mytilus edulis, at high and 

low disturbance levels. Selectivity indices above 0.5 indicate preference whilst 

indices below 0.5 indicate avoidance of prey.  

 

Proportion available Chesson alpha ± S.E. 

High disturbance 

  
  C. gigas 0.25 0.22 ± 0.07 

 

0.5 0.19 ± 0.01 

 

0.75 0.12 ± 0.05 

  M. edulis 0.25 0.88 ± 0.05 

 

0.5 0.81 ± 0.12 

 

0.75 0.78 ± 0.07 

Low disturbance 

  
  C. gigas 0.25 0.22 ± 0.07 

 

0.5 0.44 ± 0.09 

 

0.75 0.24 ± 0.05 

  M. edulis 0.25 0.76 ± 0.05 

 

0.5 0.56 ± 0.04 

 

0.75 0.78 ± 0.07 
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Figure 3.2 Proportion of either Crassostrea gigas (red) or Mytilus edulis (blue) in the 

diet of Carcinus maenas (mean ± S.E.) as a function of their respectively 

proportional availability at high and low disturbance levels. The solid line indicates 

expected values if no prey preference was to occur. The dashed line indicates a 

hypothetical prey switching pattern. The low disturbance data is shared with Joyce et 

al. (2019b).  

 



 

53 
 

3.4 Discussion 

In a changing world, quantifying and predicting how both biotic and abiotic 

changes influence ecosystem processes is important. In the marine environment, 

drivers of ecosystem change include abiotic influences such as seasonal change and 

hydrodynamic variation (Brown et al., 2004; Reguero et al., 2019) as well as biotic 

influences such as invasive species (Seebens et al., 2018). Functional Responses 

(FRs) show excellent predictive capacities for identifying invasive predator impacts 

under various environmental contexts (Dick et al., 2017a). More recently, prey 

switching (i.e. frequency dependent predation) has been used to quantify invasion 

success of invasive prey species (Cuthbert et al., 2018b; Skein et al., 2018; Joyce et 

al., 2019b), however these have lacked the inclusion of abiotic contexts. Here, I 

combined FR and prey switching experiments to identify how the abiotic contexts of 

seasonal change and hydrodynamic disturbance level affect predation of the green 

crab, Carcinus maenas, towards native and invasive bivalve prey. Carcinus maenas 

FRs increased in magnitude from winter to summer but were unaffected by 

disturbance levels. FRs also tended to be greater toward native mussels compared to 

invasive oysters under all season and disturbance scenarios. When both prey species 

were offered simultaneously, C. maenas disproportionately consumed native mussels 

over invasive oysters, and the disproportionate consumption of native mussels 

increased under high disturbance levels.  

As an intertidal species, Carcinus maenas is subjected to a wide range of 

environmental fluctuations such as temperature and wave exposure. Although the 

results presented here are not replicated over multiple seasons, they provide evidence 

of a clear difference in the predation rate of C. maenas between the two experimental 

periods. Here, the lower magnitude FRs exhibited in winter compared to summer, 
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towards both native mussels and invasive oysters, was a somewhat expected result 

owing to metabolic theory (Brown et al., 2004). Increased temperatures during 

summer drive an increase in metabolic rate compared to winter, thus increasing 

predation (Elner, 1980; Sanchez-Salazar et al., 1987; Brown et al., 2004;). Increased 

metabolic rate has been shown to decrease handling times, h, and thus increased 

maximum feeding rates, 1/h, of predators, especially ectotherms (Robertson et al., 

2002; Vasseur et al., 2014). Maximum feeding rates can be a reliable indicator of 

predator impact on prey populations (Dick et al., 2013; Alexander et al., 2014; 

Laverty et al., 2015) and the potential for structuring intertidal communities (Paine, 

1974). Here, temperatures during the summer treatment were ~14 °C which has been 

previously shown to increase predation by C. maenas significantly compared to 

winter temperatures (~6 °C). Although these results appear likely to be driven by 

changes in temperature, it should be considered that changes in season also brings 

changes in day length, rainfall and wind among other factors, which have the 

potential to confound the observed results. These results tentatively suggest that it is 

within summer that C. maenas will exert greatest predation pressure on prey species 

and commercial bivalve stocks will be at greatest risk (Murray et al., 2007), however 

further replication (i.e. multiples of each season) would give a clearer insight into 

seasonal variation of C. maenas predation.  

Foraging of marine predators has been shown to be affected by hydrodynamic 

variation by altering their searching and consumption capabilities (Kawamata, 1998; 

Gagnon et al., 2003; St-Pierre & Gagnon, 2015). Here, the influence of 

hydrodynamic disturbance level differed between the two seasons. During winter, 

FRs towards mussels changed from type II to type III when hydrodynamic 

disturbance increased. This logical change is likely due to cold temperatures 



 

55 
 

reducing crab muscle functioning (Blundon, 1989) leading to an increased influence 

of physical disturbance on the crab reducing foraging efficiency (Robinson et al., 

2011). In summer, the influence of hydrodynamic disturbance was unclear due to the 

equivocal type II and type III responses towards mussel prey under the low 

disturbance treatment, and the lack of significant FR under the high disturbance 

treatment. It can be hypothesised that the increase in muscle function under the 

warmer temperatures during summer (Blundon, 1989) allows crabs to better 

withstand the influence of disturbance, thus permitting continuous feeding.  

Under all treatment combinations, C. maenas exhibited lower handling times 

and thus higher maximum feeding rates, towards native mussels compared to 

invasive oysters. The lower handling times infer that C. maenas is quicker to 

consume the native prey compared to the invasive prey, although a range of other 

processes are included with the handling time parameter, including opening and 

digestion times (Jeschke et al., 2002). Although crabs show preference for prey of 

different sizes depending on both crab size and prey size (Mascaró & Seed, 2001), 

prey here were matched for size in terms of shell length and thus other factors, such 

as profitability selection (e.g. Alexander et al., 2015b) or shell morphology, may 

drive the displayed differences in handling times towards each prey species. The 

greater maximum feeding rates towards native mussels compared to invasive oysters 

indicates that C. maenas will generally exert greater control over mussel populations 

compared to oyster populations.  

 Although considered a generalist predator that readily switches between 

resources, C. maenas has been shown to disproportionately consume M. edulis over 

C. gigas when a choice is offered (Joyce et al., 2019b), thus applying limited biotic 

resistance towards C. gigas invasions. Here, the same system was investigated under 
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the abiotic context of hydrodynamic disturbance. I found that the same pattern of 

disproportionate consumption of native M. edulis over invasive C. gigas by C. 

maenas, as demonstrated by Joyce et al. (2019b), was retained under high 

disturbance levels. Increased disturbance however, strengthened the pattern of 

disproportionate consumption of native M. edulis over invasive C. gigas. This 

demonstrates that physical disturbance further increases the predator selectivity 

towards already recognisable native prey compared to novel invasive prey. Prey 

switching is a major driver of species diversity (Allen, 1988) whereby those that are 

rare in the environment are disproportionately ignored by predators allowing their 

abundance to increase. Here however, the continuous disproportionate consumption 

of M. edulis over C. gigas independent of both proportional availability and 

hydrodynamic disturbance level shows that little biotic resistance towards C. gigas 

invasions will occur under a range of conditions.  

The disproportionate consumption of M. edulis over C. gigas, coupled with 

the low handling times and generally higher maximum feeding rates observed 

towards M. edulis, shows potential for significant impacts on M. edulis populations 

by predators. Prey switching experiments show excellent utility in understanding 

predation patterns towards native and invasive prey at different states of invasion. 

Here, C. gigas was a novel prey for C. maenas as crabs were collected from an area 

where oyster occurrence is low. As C. maenas possesses a good learning ability 

(Roudez et al., 2008) and can transfer handling skills towards novel prey (Hughes & 

O’brien, 2001), future research into their prey switching propensities should be 

conducted after prolonged exposure to invasive prey.  

A limitation of the present study is that the prey switching experiment was 

only conducted in summer, however, it can be assumed that a similar lack of 
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switching behaviour would occur in winter considering the differences in magnitude 

of the FRs towards the two prey species. Another limitation is that the hydrodynamic 

disturbance used here may not truly represent the physical forces experienced at the 

seabed when waves are present. Although the same method has previously been used 

to investigate the influence of waves on ecosystem processes within rocky shore 

communities (Mrowicki & O’Connor, 2015; White et al., 2018), the effects may be 

more simulative of waves crashing in tidal pools on rocky shores. As crabs are 

known to migrate with tides (Hunter & Naylor, 1993; Silva et al., 2010) and feeding 

taking place when submerged, these predators are more likely to be affected by 

oscillating horizontal water motion. Although some information can be taken from 

these experiments regarding physical disturbance levels, further investigation into 

predation by C. maenas should be conducted using horizontal oscillations in water 

direction, along with varying speeds, to better simulate realistic field conditions.  

Due to large anthropogenic influences on coastal hydrodynamics and invasive 

species introductions, identifying how these factors influence species interactions is 

important. Here, I have shown that predation by Carcinus maenas is more affected 

by changes in season than hydrodynamic disturbance and that the greater predation 

pressure towards M. edulis is likely to lead to greater population control of M. edulis 

compared to invasive C. gigas populations. Further, increased hydrodynamic 

disturbance led to greater disproportionate consumption of native M. edulis prey over 

C. gigas prey compared to low disturbance levels. I show not only that the use of 

FRs can quantify potential population control by native predators towards native and 

invasive prey, but that the inclusion of prey switching experiments further inform 

predator-prey interactions and give a greater understanding of invasion success and 

predator driven biotic resistance under various environmental contexts.  
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Chapter 4: Relative impacts of the Pacific oyster are mediated 

by flow velocity and food concentration 
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Abstract 

The ecological impacts of invasive species can be severe but are generally viewed as 

highly unpredictable. Recent methods combining per capita feeding rates, population 

abundances and environmental contexts have shown great utility in predicting 

invader impacts. Here, clearance rates of the invasive Pacific oyster, Crassostrea 

gigas, and native mussel, Mytilus edulis, were investigated in a laboratory 

experiment where oscillatory water flow and algal food concentrations were 

manipulated. Invasive oysters had lower clearance rates than native mussels in all 

experimental groups and did not differ among flow velocities or food concentrations. 

Native mussel clearance rates were higher at 5 cm s-1 compared to 0 and 15 cm s-1 

flow velocities and increased with increasing food concentration. The Relative 

Impact Potential (RIP) metric was used to assess (i) the influence of flow velocity 

and food concentration on potential impacts of C. gigas on plankton resources and, 

(ii) the impacts of coexisting reefs, containing both species, on resources compared 

to monospecific native mussel beds. Greatest Relative Impact Potential of invasive 

oysters was seen at the lowest flow velocity but became reduced with increasing flow 

velocity and food concentration. Relative Impact Potentials of coexisting reefs were 

generally greater than monospecific native mussel beds, with greatest impacts 

predicted at lowest flow velocity. These results suggest that the greatest ecological 

impacts and competition potential of C. gigas will occur in areas with low flow 

velocity, but that increased flow will mediate co-existence between the two species.  
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4.1 Introduction 

The ecological impacts of invasive species can be severe (Simberloff et al., 

2013; Dick et al., 2017b) and the rate of invasive species introductions shows no sign 

of decline (Seebens et al., 2017, 2018). It is therefore necessary to improve our 

abilities to predict the ecological impacts of current, emerging and future invasive 

species (Dick et al., 2013, 2017b; Alexander et al., 2014). Recently, the 

quantification and comparison of per capita effects of invasive species, through for 

example comparative functional responses (inter- and intraspecific comparisons of 

consumption in relation to resource densities), have been revealed as a strong 

predictor of invasive species impacts (Dick et al. 2014, 2017b). Invasive species are 

often associated with higher consumption rates than comparative native species, with 

these higher per capita metrics predicting ecological impact (Dick et al., 2013). 

Further, the recent incorporation of contexts such as temperature (South and Dick, 

2017; South et al. 2017) or habitat complexity (Alexander et al. 2012; Wasserman et 

al. 2016) allow such experiments to increase our understanding and prediction of 

impacts under various environmental contexts (Dick et al., 2014; Paterson et al., 

2015).  

Recently, the Relative Impact Potential (RIP), a metric proposed by Dick et 

al. (2017b), has combined per capita resource use with population abundances to 

better predict the ecological impacts of invasive species. Although Dick et al. 

(2017b) primarily use functional responses combined with abundance data to 

produce RIP scores, they suggest that suitable, relevant proxies for such measures 

can be used in their place. For example, in the case of filter feeders, algal uptake or 

clearance rates as a measure of per capita resource use are more common than 

functional responses (e.g. Alexander et al. 2015a). Similarly, biomass may be an 
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equally relevant metric as a proxy for population abundance depending upon the 

species in question (Dick et al. 2017b). The RIP combines facets of the ‘Total 

Response’ and the ‘Parker-Lonsdale’ equations (see Dick et al. 2017b and Parker et 

al. 1999, respectively) into one metric that produces absolute values of species 

impact on a resource. These absolute values can then be used to compare impact, for 

example, the baseline impacts of native consumers in relation to invasive species. 

This approach was highly successful in identifying high impact invaders and indeed 

RIP scores are correlated tightly with independent measures of the degree of 

ecological impact of such invaders (Dick et al. 2017b). Here, “impact” is defined as a 

documented effect on a native population which differs from invasive species 

“success” which should be defined as their rate of establishment or spread. This 

semantic distinction between the two terms should be clarified as no link between the 

two has been found (Ricciardi & Cohen 2007). 

Per capita resource use has traditionally been used in animal ecology to 

investigate impacts on resources (Holling 1959, 1966; Dick et al. 2017b), whereas 

plant ecologists use the same method to explicitly study interspecific resource 

competition (Tilman 1977; Dick et al. 2017a). In ecosystems containing sessile 

animals that cannot move and search for different resources, such comparative 

resource use may reveal patterns of interspecific competition as well as impacts on 

resources. Investigations of interactions between sessile organisms often consider 

space as the only limiting resource worth studying (Connell, 1961). However, local 

seston depletion can occur above bivalves beds (Wildish & Kristmanson 1984; 

Dolmer 2000a,b) leading to resource limitation (Vismann et al., 2016), and hence 

potential exploitative competition between filter feeding species due to their limited 

ability to actively search for new resources. 
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While comparative per capita resource use has been applied to a range of 

taxonomic groups, the method has only recently been applied to filter feeders 

(Alexander et al. 2015; Kemp & Aldridge 2018). However, the incorporation of 

environmental parameters such as water motion, a fundamental process for filter 

feeders, have not been included. Sessile suspension feeders rely greatly upon water 

motion as it is the bulk water column flow that supplies them with fresh food (Genin 

et al., 1986). Although water motion is necessary for replenishing plankton 

resources, hydrodynamic forces exerted by the movement of water can also exert 

destructive forces on organisms, therefore trade-offs between food provision and 

dislodgement pressures occur (Denny, 2006).  

The clear majority of work and our understanding of bivalve feeding with 

regards to water motion has been conducted in uni-directional currents characteristic 

of estuaries, inland bays and harbours. It is unknown if these studies provide a 

reasonable basis for the prediction of responses of bivalves to oscillatory water 

motion characteristic of wind and swell-driven open coasts (Denny & Gaylord 2002). 

Continuous reversals in flow direction increase turbulence within the water column 

(Denny et al. 1998), thus it is less likely that seston depletion above bivalve beds 

would occur. Several studies into the effects of flow velocity on clearance rates of 

bivalves have been conducted using mussels (Mytilus spp.) but with conflicting 

results. Some studies have found clearance rates to be unaffected by increasing flow 

velocity while others show significant reductions in clearance rates with increases in 

flow (Denis 1999; Newell et al. 2001; Widdows et al. 2002; Ackerman & Nishizaki 

2004; Nielsen & Vismann 2014). To date, there have been no studies on the 

influence of water motion on clearance rates of the invasive Pacific oyster, 

Crassostrea gigas.  
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The Pacific oyster, C. gigas, is one of the most ‘globalised’ marine 

invertebrates, dominating shellfish production in many regions (Ruesink, 2007; 

Herbert et al., 2016), and is considered invasive in several countries. For example, 

the Wadden Sea has seen C. gigas settle onto beds of the native blue mussel, Mytilus 

edulis, on such a scale that there has been a shift in dominance from native mussels 

to non-native oysters (Kochmann et al. 2008), suggesting that C. gigas can compete 

with native M. edulis for resources and potentially impact those resources to the 

detriment of the wider community. 

The present study thus examined the Relative Impact Potentials of the 

invasive Pacific oyster, C. gigas, and the native blue mussel, M. edulis, in relation to 

effects of oscillatory flow velocity and algal food concentration on their clearance 

rates. The experimental treatments simulated environmental conditions experienced 

on inshore coasts. The main objectives were to: (i) assess the influence of oscillatory 

flow velocity and food concentration on the clearance rates of the two species; (ii) 

combine per capita resource use with field biomass, using the RIP metric to identify 

conditions that may lead to impacts on plankton resources; and (iii) use the RIP 

metric to compare the impacts on plankton resources of coexisting bivalve beds with 

those of monospecific native mussel beds on plankton resources.  

4.2 Methods 

4.2.1 Bivalve collection 

In August 2016, adult Pacific oysters, Crassostrea gigas, with a shell length 

65-105 mm, were obtained from a local commercial oyster farm, Killough Oysters 

Ltd. Adult native mussels, Mytilus edulis, with a shell length of 45-50 mm, were 

collected from an intertidal rocky shore in Strangford Lough, County Down, 

Northern Ireland (54o 28’ 11.2” N, 5o 32’ 25.4” W). Animals of these sizes were used 
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as they are representative of adult organisms, thus results from the experiments 

would provide data for mature populations. Animals were housed at Queen’s 

University Marine Laboratory, Portaferry in large holding tanks (~500 L) with 

through-flowing, sand filtered seawater pumped directly from the adjacent 

Strangford Lough. Prior to experimental testing, shells were cleaned of any mud and 

epibionts and returned to the holding tanks for at least 48 hours prior to testing.  

4.2.2 Experimental tank system 

Clearance rates of the bivalves were determined in an aerated experimental 

tank system designed to simulate oscillatory water motion (full details of the design 

can be found in Kregting et al. 2015). The tank system consisted of four tanks where 

the bivalves were moved back and forth through a stationary body of aerated water to 

simulate water motion representative of the horizontal oscillatory water motion 

benthic animals experience at the seabed on shallow inshore coasts. The horizontal 

oscillatory water motion was simulated in the four laboratory experimental tanks by 

two horizontal rods mounted above the tanks on a steel frame allowing free 

oscillatory movement of the rods. The rods were attached to a rotating arm driven by 

a 12 V car windscreen wiper motor. Two detachable, vertical polypropylene arms 

with perpendicular base plates were fixed to each rod (arms = 4). Each arm was 

suspended over a 65L polypropylene container (60  40  32 cm). The driving motor 

was powered using a regulated power supply (Skytronic 0-30 V) which could be 

altered to control the horizontal velocity of the arms. Three flow scenarios were 

selected; static (0 cm s-1) and two which oscillated over a distance of 21 cm with 

amplitudes of 5 and 15 cm s-1.  

Either 4 oysters or 10 mussels were attached to the experimental base plates. 

Different numbers of each species were used in the experiment to keep the area 
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covered by the animals the same, with clearance rates then corrected by biomass (see 

below). Oysters were attached to the baseplates using cyanoacrylate glue. Mussels 

were placed onto baseplates and covered with plastic mesh netting to hold them in 

place allowing natural byssus attachment. Plates with animals attached were placed 

into 1 µm filtered, UV sterilised seawater for 22 hours to standardise starvation. 

After the starvation period which allowed sufficient byssus attachment from mussels, 

the mesh netting was removed from the mussels prior to testing.  

4.2.3 Microalgal culture 

The microalga Tetraselmis suecica was chosen for the experiment, as 

plankton of this size (~6-10 µm) (Chrétiennot-Dinet et al., 1986; Hansen et al., 1996) 

are retained with high efficiency by both species (Bougrier et al. 1997; Ward & 

Shumway 2004). Algae were cultured in 1 µm filtered, UV sterilised seawater using 

f/2 media and were on-grown until sufficient stock could be maintained in a 150L 

bag culture.  

4.2.4 Clearance rate experiment 

Experimental tanks were filled with 30 L of 1 µm filtered, UV sterilised 

seawater and aerated at one end to ensure the water was well mixed, but not 

interfering with the oscillatory movement, allowing use of the clearance equation 

(see below). The selected animals were subjected to a randomly selected flow 

velocity for 30 minutes before the addition and mixing of a randomly selected, pre-

defined volume of algal monoculture (Table 4.1). To measure algal depletion in the 

tanks, two 3 ml water samples were taken immediately after the algal monoculture 

was sufficiently mixed within the experimental tanks and again after 1 hour. Cell 

concentration of the water samples were analysed using an electronic particle counter 

(Coulter Z1). Experimental tanks were emptied, cleaned with freshwater, and rinsed 
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with 1 µm filtered, UV sterilised seawater after each trial. This process was carried 

out for both species at the three flow velocities (0, 5, 15 cm s-1) and five algal culture 

volumes (4, 8, 16, 32, 64 ml; corresponding cell concentrations in Table 4.1) with 

four replicates per experimental group. Due to the experimental setup, accurate 

measurement of animal valve gape was not achievable however, all animals were 

visually inspected during feeding trials. After experimentation, the soft tissue of each 

animal was removed from the shell and dried at 70 °C for 24 hours to determine the 

shell-free dry weight (SFDW) of each replicate. Control trials without animals in the 

experimental tanks (n = 2) were conducted to identify any natural reductions in algal 

concentration over the feeding period due to sinking.  

 

Table 4.1 Volumes of Tetraselmis suecica added to experimental tanks with 

corresponding initial cell concentrations within experimental tanks for clearance 

trials (mean ± S.E.).  

ml of T. suecica Cell concentration (cells ml-1) ± S.E. 

4 5954 ± 188 

8 8198 ± 265 

16 13567 ± 342 

32 22221 ± 381 

64 42003 ± 664 

 

4.2.5 Clearance rate calculations 

Due to adequate water mixing within experimental tanks, the ‘clearance 

method’ (Riisgård et al., 2013) was used to measure the rates of algal consumption of 
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the bivalves. Clearance rates (CR), measured as the volume of water cleared of 

particles per hour (h) per gram of SFDW (g), were calculated as: 

𝐶𝑅 (𝐿 ℎ −1 𝑔 𝑆𝐹𝐷𝑊 −1)  =
𝑉 (ln 𝐶0 –  ln 𝐶𝑡)

𝑡 ∗ 𝑆𝐹𝐷𝑊
  

where V is the volume of water in the experimental tank, C0 and Ct are algal 

concentrations at time 0 and time t, SFDW is the shell-free dry weight of animal flesh 

in each replicate. SFDW was used to standardise clearance rates between species as, 

although the area occupied by both species was kept constant, differences in biomass 

occurred between the two species. 

4.2.6 Data analyses 

All analyses were performed in ‘R’ version 3.4.2 (R Development Core 

Team, 2017). One replicate from two separate experimental groups were removed 

from the analysis due to mussel detachment during the feeding period. A three-factor 

analysis of variance (ANOVA) compared clearance rates between species (2 levels; 

C. gigas and M. edulis), among flow velocities (3 levels; 0, 5, 15 cm s-1), and among 

food concentrations (5 levels; 4, 8, 16, 32, 64 ml of Tetraselmis suecica). Levene’s 

test for homogeneity of variance (F29,88 = 0.9, p > 0.05) and Shapiro-Wilk’s test for 

normality (p > 0.05) ensured ANOVA assumptions were met. Significant differences 

between treatments were compared with Tukey’s honest significant difference post 

hoc test.  

4.2.7 Species biomass and the Relative Impact Potential (RIP) metric 

A systematic search of the on-line scientific databases Scopus, Web of 

Science and Google Scholar was used to collect field biomass data for both 

Crassostrea gigas and Mytilus edulis. All searches were performed in October 2017 

using the search terms (Crassostrea gigas OR Magallana gigas OR Mytilus edulis) 

AND (biomass OR abundance OR density) AND (invasive OR non-native OR 
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native). References from retrieved articles were screened for other relevant 

publications. Literature was selected (Table 4.2) if biomass estimates were given as 

total wet weight (WW), shell-free dry weight (SFDW) or ash-free dry weight 

(AFDW). Data given as WW or AFDW were converted to SFDW using published 

weight conversion factors for bivalves (Ricciardi & Bourget 1998), as SFDW was 

used in the clearance rate calculations. Clearance rates averaged across food 

concentrations, as well as those at the lowest and highest food concentrations for 

each species from this study, were combined with biomasses for each species to 

create RIP biplots (Laverty et al. 2017b). Biplots represent the Relative Impact 

Potential of C. gigas compared to M. edulis to under the contexts of ‘flow velocity’ 

and ‘food concentration’. Biomass data from the Wadden Sea were also available for 

reefs where the two species are coexisting, dubbed ‘oyssel reefs’ (Reise et al. 2017b). 

In these cases, clearance rates averaged across food concentrations, as well as at the 

lowest and highest food concentrations of each species, were multiplied by their 

proportional contribution to the overall reef biomass. The proportionally adjusted 

clearance rates were then combined to give an overall clearance rate for the mixed 

species reef. Clearance rates combined with biomass data were used to create RIP 

biplots to represent Relative Impact Potentials of coexisting ‘oyssel reefs’ compared 

to monospecific M. edulis beds. RIP biplots combine biomass and clearance rate data 

to give a visualisation of ecological impact with greater impacts being shifted 

towards the top and right of the plot, and lesser impacts being shifted towards the 

bottom and left of the plot (Laverty et al. 2017b). 
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Table 4.2 Biomass data for Crassostrea gigas, Mytilus edulis, and coexisting ‘oyssel’ 

reefs from the Wadden Sea with corresponding references. Symbols denote separate 

species biomass contributions to coexisting ‘oyssel’ reefs. 

Species Biomass (g SFDW m-2) Reference 

C. gigas 508† (Markert et al., 2010) 

 348‡ (Markert et al., 2013) 

 201⁑ (Markert et al., 2013) 

 118 (Fey et al., 2010) 

   

M. edulis 328 (Markert et al., 2010) 

 247† (Markert et al., 2010) 

 85‡ (Markert et al., 2013) 

 71⁑ (Markert et al., 2013) 

 166 (Munch-Petersen & Kristensen 2001) 

   

Coexisting reef 755† (Markert et al., 2010) 

 433‡ (Markert et al., 2013) 

 273⁑ (Markert et al., 2013) 

 

4.3 Results 

4.3.1 Clearance rate experiment 

Visual inspection found that all animals were open and appeared to be 

feeding during experimental trials. Control groups saw changes in algal 

concentrations < 2 % of the changes that occurred in treatments with animals, thus 
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any changes in algal concentration over the feeding period with animals present were 

attributed to intake by the animals and not sinking.  

Overall, clearance rates of Crassostrea gigas were significantly lower than 

those of Mytilus edulis (Table 4.3; Figure 4.1). There was a significant main effect of 

flow velocity on clearance rate (Table 4.3), with clearance rates at 5 cm s-1 

significantly higher than both other velocities tested (Tukey’s HSD, P < 0.05). 

However, the significant species × flow interaction (Table 4.3) reflects the lack of 

change in the C. gigas clearance rate but increase in M. edulis clearance rate at 5 cm 

s-1.  

 

Table 4.3 Three-way ANOVA of the effects of species (2 levels; Crassostrea gigas 

and Mytilus edulis), flow velocity (3 levels; 0, 5, 15 cm s-1), and food concentration 

(5 levels; 4, 8, 16, 32, 64 ml of algal monoculture) on clearance rates.  

 Df Mean Sq F value P 

Species 1 151.24 275.725 < 0.001 

Flow 2 3.28 5.985 <0.01 

Food 4 5.83 10.636 < 0.001 

Species  flow 2 4.3 7.836 < 0.001 

Species  food 4 3.83 6.989 < 0.001 

Flow  food 8 1.09 1.985 0.0575 

Species  flow  food 8 0.71 1.303 0.2523 

Residuals 88 0.55   
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Figure 4.1 Clearance rates of the native mussel, Mytilus edulis (blue circles), and 

invasive Pacific oyster, Crassostrea gigas (red triangles), as a function of algal food 

concentration at flow velocities of 0, 5 and 15 cm s-1. 
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Overall, clearance rate increased with food concentration (Table 4.3). The 

significant species × food concentration interaction effect (Table 4.3) reflects that 

increasing clearance rates over increasing algal food concentrations occurred only for 

the native M. edulis (Tukey’s HSD, P < 0.05; Fig. 4.1).  

4.3.2 Relative Impact Potentials 

Biomass data from the Wadden Sea show that C. gigas generally has a higher 

biomass than M. edulis. Combined with average clearance rates from this study, C. 

gigas is shown to have similar Relative Impact Potential to M. edulis at 0 and 15 cm 

s-1 flow velocities (Fig. 4.2). The increased average clearance rate of M. edulis at 5 

cm s-1 reveals that impacts of M. edulis at this flow velocity are higher than C. gigas 

(i.e. shifted further to the right, Fig. 4.2). At low food concentrations, the Relative 

Impact Potential of C. gigas is higher than that of M. edulis at both 0 and 5 cm s-1 

due to reduced M. edulis clearance rates (i.e. M. edulis toward bottom and shifted 

left, Fig. 4.2). At 15 cm s-1, impacts of the two species under low food conditions are 

similar. High food concentrations indicate greater impacts of M. edulis under all flow 

scenarios due to increased clearance rates.  
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Figure 4.2 RIP biplots of the native mussel, Mytilus edulis (blue), and invasive 

Pacific oyster, Crassostrea gigas (red), using biomass data from the Wadden Sea 

(mean ± S.E.). Squares indicate clearance rate (CR; L h-1 g-1) at minimum food level, 

circles indicate average CR over all food levels, triangles indicate CR at maximum 

food level (mean ± S.E.). Impact increases from bottom left to top right. 
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Figure 4.3 RIP biplots of the native mussel, Mytilus edulis (blue), and coexisting 

‘oyssel’ reefs (orange) using biomass data from the Wadden Sea (mean ± S.E.). 

Squares indicate clearance rate (CR; L h-1 g-1) at minimum food level, circles 

indicate average CR over all food levels, triangles indicate CR at maximum food 

level (mean ± S.E.). Impact increases from bottom left to top right. 
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The total biomass of coexisting reefs was higher than monospecific M. edulis 

beds (Table 4.2). The elevated average clearance rate of M. edulis at 5 cm s-1 leads to 

the impacts of coexisting reefs and monospecific M. edulis beds to be similar. At 0 

and 15 cm s-1, however, the impacts of coexisting reefs are higher than those of 

monospecific M. edulis beds (Fig. 4.3). At low food concentrations, impacts of 

coexisting reefs are shown to be higher than monospecific M. edulis beds at all flow 

velocities (Fig. 4.3). High food concentrations lead to similar impacts of coexisting 

reefs and monospecific M. edulis beds at 0 and 15 cm s-1 but greater impacts of 

monospecific M. edulis beds at 5 cm s-1 (Fig. 4.3).  

4.4 Discussion 

Comparative resource use and Relative Impact Potential studies involving 

native and invasive bivalves to investigate species interactions have not been 

explored in depth (Alexander et al. 2015a; Kemp & Aldridge 2018). This study has 

thus coupled a comparative resource use concept, with population abundance and the 

environmental context of oscillatory flow, to examine whether invasion impact on 

resources and competitive effects by the invasive Pacific oyster, Crassostrea gigas, 

could be predicted based on algal uptake in the different hydrodynamic conditions 

tested. I found that per unit of biomass resource use of the invasive Pacific oyster, C. 

gigas was lower than that of native Mytilus edulis. However, when accounting for 

field densities, sites that have seen large invasions of C. gigas may experience 

ecological impacts on resource communities, especially in areas with little water 

motion. 

The flow velocities chosen in this study are within the range that mussels and 

oysters are likely to experience regularly in open coastal areas, for example, the 

Wadden Sea (Janssen-Stelder, 2000). Changes in flow velocity and food 
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concentration had no effect on invasive C. gigas but significantly altered native M. 

edulis clearance rates. Flow velocity and food concentration mediated the Relative 

Impact Potential of the invasive C. gigas over the native M. edulis. Low flow 

velocities and food concentrations led to the RIP of C. gigas being higher than that of 

M. edulis, suggesting a greater impact on resources (i.e. plankton) by C. gigas under 

such conditions. Increases in flow and food however, increased the RIP of M. edulis 

due to the increases in clearance rate, thus suggesting a lower comparative impact of 

C. gigas when flow velocity and food concentrations increase. The RIP biplots also 

show that in reefs where coexistence between the two species occurs, impacts on 

plankton resources are likely to be greater than monospecific M. edulis beds in the 

majority of flow velocity and food concentration contexts tested. 

This is the first study investigating the effects of oscillatory water flow on 

bivalve clearance rates thus results cannot be compared with results found in other 

studies. Previous investigation into M. edulis clearance rates in uni-directional 

currents have provided mixed results (Ackerman 1999; Denis 1999; Widdows et al. 

2002; Ackerman & Nishizaki 2004). Here, I found a uni-modal response of M. edulis 

clearance rates with increasing water velocity. Although unclear, it may be predicted 

that clearance rates may decrease at lower oscillatory flow velocities compared to 

uni-directional current velocities due to increased turbulence created by oscillating 

motion. Such turbulence may inhibit feeding as well as the fact that in oscillatory 

flows, inhalant siphons would face into the flow 50% of the time, which has been 

linked with decreased clearance rates (Newell et al. 2001). The lack of influence of 

flow velocity on the clearance rate of C. gigas differed from responses shown by M. 

edulis. No previous studies have investigated the influence of flow velocity on C. 

gigas clearance rates although this species can be found in environments with a wide 
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range of hydrodynamic conditions from high energy to sheltered environments 

(Wrange et al., 2010; Strand et al., 2012; Dolmer et al., 2014).  

Food concentration only significantly increased M. edulis clearance rate. This 

is consistent with patterns observed whereby, at a lower threshold, bivalves can cease 

filtering (Denis, 1999; Riisgård et al., 2013; Sarnelle et al., 2015). This is not shown 

by C. gigas which, although it has a lower clearance rate, appears to maximise its 

feeding capability even at low food levels.  

Here, the measured clearance rates for C. gigas were <1 L h-1 g-1, which is 

lower than other studies ranging from 2-11.8 L h-1 g-1 (Walne et al., 1972; Gerdes et 

al. 1983; Bougrier et al. 1995; Dupuy et al., 2000). These studies, however, used a 

range of oyster sizes generally smaller than those used here, which may lead to 

higher body weight specific clearance rates. Previous studies also measured 

clearance rates in static systems which provide unrealistic, idealised conditions for 

filtration. Although the clearance rates found here are lower than other laboratory 

studies, they are similar to field observations of < 1 L h-1 g-1 (Wheat & Ruesink 

2013). The clearance rates measured here for M. edulis are comparable to those of 

other laboratory studies (examples in Troost 2010). 

Although C. gigas is a successful invader, it produces varied ecological 

impacts, both positive and negative depending on context (Padilla, 2010; Herbert et 

al., 2012, 2016). Invasion “success” and “impact” should be distinguished as the two 

do not show strong correlation (Ricciardi & Cohen 2007). Common misinterpretation 

leads to the incorrect use of the terms whereby success should be defined as the rate 

of establishment and spread whereas impact is a documented effect on native 

populations. Here, the relatively low per capita clearance rates of C. gigas are in line 

with theory that high relative per capita rates are associated with high impact, with 
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the corollary being that low impact should be associated with low per capita rates 

(Dick et al., 2013, 2014, 2017b). By combing per capita clearance rates with field 

biomass data into the RIP metric, it is shown again that, even with the higher 

biomass of C. gigas, because this is mitigated by lower per capita feeding rates, the 

invader is predicted to have relatively low impact on native resources.  

Further, although the RIP would usually be used to assess or predict species 

impacts on a resource, I contend that it may also be useful in understanding 

interspecific competition (Dick et al., 2017a), due to the inability of bivalves to move 

and search for new food resources. Although plankton resources are not thought to 

be limiting, it has been shown that seston depletion can occur above bivalve beds 

(Wildish & Kristmanson 1984; Dolmer 2000a), and that bivalve beds can become 

food limited (Vismann et al. 2016), which may result in interspecific competition for 

limited resources. The RIPs shown here suggest that only under low flow and low 

food conditions may the invader, C. gigas, exhibit ecological impacts over, and 

compete effectively with the native, M. edulis. Such areas are therefore most likely to 

see resource based ecological impacts from C. gigas. However, due to daily 

fluctuations in wind/storm driven changes in flow velocity as well as seasonal 

variations in plankton abundance, M. edulis will not always be outcompeted for 

resources which is reflected by the regular coexistence found between the two 

species (Holm et al. 2016; Reise et al. 2017b). Although these species may compete 

for other resources (i.e. space), these data, using measured clearance rates, are fully 

in line with field patterns of invasive impacts and coexistence, and indeed, the per 

capita, RIP and context-dependency approach could be used more predictively for 

emerging and potential invasive species impacts (Dick et al. 2017b). 
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The RIP metric also revealed that the impacts of mixed species ‘oyssel reefs’ 

(Reise et al. 2017b) on resources are predicted to be greater than baseline impacts of 

monospecific M. edulis beds. The magnitude of these impacts is shown to be greatest 

in areas with low flow velocities and food concentrations. A lack of investigation 

into differences in plankton resources above native monospecific M. edulis beds 

compared to those that have been invaded by C. gigas limits conclusions regarding 

the existence of such field impacts. However, with the RIP clearly a successful 

predictive tool for invasive species impacts on resources, studies into plankton 

abundances above native and non-native bivalve beds clearly need further 

investigation. 

Although successful in predicting impacts on resources, predictions of 

impacts from the RIP metric are specific to, in this case, impacts on plankton 

resources. Alongside the impacts suggested by the RIP metric, C. gigas may cause a 

myriad of other wider impacts such as increasing overall removal of plankton from 

the water column by settling in places uncolonized by mussels and altering benthic 

ecosystem functioning (Green et al., 2012). Such impacts require a range of other 

studies to fully understand the wider impacts of C. gigas, however, the RIP remains a 

useful tool for predicting impacts on resources in comparison to a native analogue.  

Due to the differential effects of flow velocity on C. gigas and M. edulis, 

additional investigations into the effects of flow type (i.e. currents vs. waves) may be 

required to further understand differences in feeding and growth in situ, especially as 

these species are sensitive to interspecific competition. As growth is directly related 

to feeding, investigation into growth rates in different hydrodynamic conditions, 

which vary both naturally and due to anthropogenic influences, should be conducted 

to validate the results of this study. Based on these results, it can be suggested that 
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areas with little water motion and those where local food limitation may occur are 

likely to be most at risk of impacts from C. gigas. Areas with increased water motion 

are unlikely to be resource limited due to increased food replenishment however, 

destructive forces exerted by the water itself may affect species growth and success. 

The field patterns of low invasion impact and coexistence with the native analogue, 

M. edulis, further highlight the excellent explanatory and predictive power of 

coupling per capita resource use with field abundances for invasion ecology, 

however, investigation into growth rates under these environmental contexts would 

achieve an even better understanding of competition between the two species. 
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Chapter 5: Coexistence between the native blue mussel, Mytilus 

edulis, and the invasive Pacific oyster, Crassostrea gigas is 

possible but is detrimental to their health 
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Abstract 

 Ecological impacts caused by invasive alien species in native communities 

can be severe but may vary depending upon local conditions. Such context 

dependencies of invasion impacts require elucidation if invasion ecology is to 

become a truly predictive science. Throughout Europe, populations of the native 

mussel, Mytilus edulis, have been invaded in many areas by the Pacific oyster, 

Crassostrea gigas. Although widespread invasions have occurred, outcomes of 

competitive interactions between M. edulis and C. gigas are still poorly understood 

and require experimental investigation. Here, a field manipulation experiment around 

a sea lough examined whether competitive interactions between the two species 

affected their growth rates, condition indices and mortality. Growth rates and 

mortality of both M. edulis and C. gigas were similar between monospecific and 

heterospecific groups, whereas condition indices of both species were significantly 

reduced in heterospecific groups. Further, growth rates of C. gigas differed 

significantly among experimental sites and were greatest within the lough where 

water motion is restricted. Condition indices of both species also differed 

significantly among sites which were lowest on the open coast, where increased 

water motion occurs, for both species. I thus show that, although coexistence 

between the two species often occurs, the health of native M. edulis populations may 

become reduced in the presence of C. gigas. I also provide evidence and speculate 

that water motion is likely to be a key mediator of biotic interactions between these 

two species, with implications for invasions under natural and anthropogenic changes 

in hydrodynamic characteristics. 
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5.1 Introduction 

The rate of invasive alien species (IAS) introductions is ever increasing 

(Seebens et al., 2017, 2018) leading to increased threats to biodiversity and 

ecosystem functioning (Bax et al., 2003; Molnar et al., 2008; Simberloff et al., 2013). 

Interconnectivity between regions is one of the largest sources of marine invaders 

across the globe (Molnar et al., 2008; Ricciardi et al., 2017). Introductions of IAS 

can induce competition with similar native species for resources such as space 

(Connell, 1961) and food (Bergstrom & Mensinger, 2009). Success of IAS is often 

related to their superior competitive ability to exploit resources, which in turn can 

reduce the fitness of inferior competitors and eventually result in competitive 

exclusion (Carlton et al., 1999; Byers, 2000). However, asymmetries in competitive 

ability as well as susceptibility to biotic interactions can lead to the coexistence of 

species with similar niches (Heard & Sax, 2013). Quantifying invasive species 

success and impacts has shown success through the use of methodologies such as 

comparative functional responses (Dick et al., 2017a), but such methods do not 

measure effects of invaders on native species physiology and health. Identifying such 

physiological effects requires manipulative experiments (e.g. Zwerschke et al., 

2018b), however, these can be challenging and require a number of parameters to be 

measured to fully understand invader impacts (Kumschick et al., 2014). 

The Pacific oyster, Crassostrea gigas, which, after introductions through 

aquaculture activities, has become one of the most globalised marine invertebrates 

(Herbert et al., 2016). Successful reproduction and recruitment of C. gigas has 

increased the threats to native bivalve species. The Dutch Wadden Sea, for example, 

has seen mass colonisation onto beds of the native mussel, Mytilus edulis, causing 

shifts in assemblages of reef associated fauna (Kochmann et al., 2008). Mussels 
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provide an important and abundant food resource for a range of intertidal and 

subtidal predators including birds, sea stars and crabs (Ebling et al., 1964; Paine, 

1974; Nehls et al., 1997), thus declines in numbers may have significant 

consequences on higher trophic levels. Further, threats to native biogenic reefs 

should be considered important as they harbour greater biodiversity than adjacent 

soft sediment habitats and are considered a European habitat priority under the EU 

habitats directive (EU Commission, 1992).  

Invasions of C. gigas have been shown to alter benthic species assemblages 

(Guy et al., 2018), sediment chemistry and ecosystem functioning (Green et al., 

2012, 2013) for a range of native habitats including mussel beds, soft sediment beds, 

and native oyster reefs. Although several negative impacts of C. gigas have been 

documented, ecological impacts of invasive species, including C. gigas, are 

suggested to be context dependent (Padilla, 2010). That is, a myriad of biotic and 

abiotic factors are likely to alter the magnitude of the invasion success and ecological 

impacts exerted by the invaders (Alexander et al., 2012; Laverty et al., 2015; Joyce et 

al., 2019b,c). For example, Green et al. (2013) found effects on biodiversity and 

ecosystem functioning to be density dependent and Krassoi et al. (2008) showed that 

tidal height was a key factor mediating the competitive effects between C. gigas and 

the Sydney rock oyster, Saccostrea glomerata. 

Although a range of ecological impacts of C. gigas are apparent, 

investigations of competitive interactions and effects on the physiology of trophically 

similar native species are comparably few. For many sessile species, investigations 

of competition largely observe space as the most important factor and thus focus on 

growth rates or density (Connell, 1961; Konar & Iken, 2005). Although space is a 

primary resource for such organisms, their ability to grow relies on their ability to 
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ingest food from the surrounding environment. Plankton resources are not thought of 

to be a limiting factor in bivalve beds, nonetheless, water column seston depletion 

can occur in close proximity to bivalve beds (Dolmer, 2000b; Vismann et al., 2016), 

which may result in interspecific competition for resources and thus, competitive 

interactions are more complex than identifying an organisms ability to occupy space. 

Also, in bivalves, shell growth and flesh growth are not directly related (Hilbish, 

1986) and thus identifying organism growth rates may achieve a poor assessment of 

population health.   

Recent observations in Europe show that native blue mussels, M. edulis, and 

C. gigas colonize similar areas and patterns of coexistence are emerging (Diederich, 

2005; Reise et al, 2017b). Coexistence indicates that they have similar environmental 

requirements for successful growth and mussels do not always suffer competitive 

exclusion. Although resource segregation between many filter feeding species has 

been found (Dubois et al., 2007), some competition between M. edulis and C. gigas 

for plankton resources may occur as the two species have an overlapping particle 

retention size (Ward & Shumway, 2004) and similar retention efficiency for 

particular phytoplankton species (Bougrier et al., 1997). Experimental investigations 

have shown differential effects of the two species on ecosystem functioning and how 

various environmental factors may affect physiological processes of both species in 

isolation (Diederich, 2006; Kochmann et al., 2008; Kochmann & Crowe, 2014). 

Understanding how competitive interactions of invading C. gigas with native oyster 

species affect physiological processes have been experimentally investigated but 

have produced results with positive and negative effects (Krassoi et al., 2008; 

Zwerschke et al., 2018b). Competitive interactions of C. gigas on native mussel 
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physiology, however, are poorly understood (but see Eschweiler & Christensen, 

2011). 

Here, I conducted a field manipulation experiment to identify competitive 

interactions between the native blue mussel, Mytilus edulis, and the invasive Pacific 

oyster, Crassostrea gigas, by comparing their growth rates, condition indices and 

mortality when occurring in monospecific cultures compared to heterospecific 

cultures. Environmental conditions including seawater total particulate matter, 

organic particulate matter and temperature were measured throughout the 

experimental period to identify whether key parameters varied among the 

experimental sites. Knowledge of the competitive interactions between, M. edulis 

and C. gigas, as well as how they can vary with environmental conditions will 

facilitate the quantification of possible ecological impacts of invasions, as well as 

providing empirical data for future predictive modelling efforts.  

5.2 Methods 

5.2.1 Study area and Experimental setup 

This experiment was conducted around Strangford Lough, Northern Ireland 

on intertidal rocky shores. Three locations within and nearby the lough were chosen 

in similar locations to previous studies within Strangford Lough (Kregting et al., 

2016; Millar et al. unpublished data). One site is located within the main body of the 

lough (Killyleagh; KL; 54° 24′ 03′′ N, 5° 38′ 25′′ W), one site within the narrow inlet 

to the lough (Walter Shore; WS; 54° 23′ 05′′ N, 5° 33′ 25′′ W) and one outside of the 

lough on the Irish Sea coast (Ballyhornan; BH; 54° 18′ 24′′ N, 5° 32′ 36′′ W). 

Although field experiments may lack precision compared to laboratory experiments, 

they subject target organisms to realistic conditions and conducting the experiment 

across multiple sites allows more generalisability of the outcomes.  
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Juvenile M. edulis were collected from a rocky shore within Strangford 

Lough (54o 28’ 11.2” N, 5o 32’ 25.4” W) and juvenile C. gigas were obtained from 

Guernsey sea farms Ltd (July 2017). In the laboratory, individuals were dabbed dry, 

weighed and shell length was measured to the nearest 0.1 mm with digital calipers 

(accuracy 0.03 mm). To identify individuals throughout the experiment, shells were 

marked randomly with either a gem attached to the shell with cyanoacrylate glue or 

with nail varnish covered with a layer of cyanoacrylate (Fig. 1).  

Perspex plates (25  25 cm) had 26 individuals of either mussels only, oysters 

only, or a mixture of 13 mussels and 13 oysters attached for placement in the field 

(Fig. 1). Oysters were attached cupped valve down using Milliput© (Dolgellau, UK) 

2-part epoxy and were attached in random positions on the plate and oriented 

randomly (i.e. not all facing the same way). Mussels were placed on Perspex plates 

and kept submerged to allow natural attachment with byssus threads. Experimental 

plates were covered with a rigid plastic cage (5 cm height  25 cm  25 cm, mesh 

size 1 cm) lined with a fine plastic mesh (mesh size ~ 0.3 cm) to prevent detached 

animals escaping. The combination of mesh materials had minimal effects on 

internal water motion. Cages were secured to the Perspex plates and animals were 

kept for < 1 week in the laboratory on the plates before placement at respective sites 

in August 2017. Cattle tags were attached to plates to identify each plate. Here, 

uncaged controls were not conducted as previous studies have shown high-total 

mortality in uncaged treatments (Kochmann & Crowe, 2014; Zwerschke et al., 

2018b) and therefore would not be informative for this study. At each site, 3 replicate 

plates of each species combination were attached to large rocks during spring low 

tides (n = 9 plates per site) with a total of 27 experimental plates. Experimental plates 
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were placed at the top end of the Laminaria digitata intertidal distribution zone at the 

respective sites and were spaced at least 1 metre apart. 

Figure 5.1 Example of an experimental growth plate containing C. gigas individuals.  

 

After 12 months, animal lengths were measured using digital calipers to 

calculate relative growth rates. The flesh and shell of all remaining live animals were 

separated and dried at 60 °C for > 48 hours, until weights remained stable and 

condition indices were calculated according to Walne (1976) as: 

𝐶𝐼 =  
𝐷𝑟𝑦 𝑓𝑙𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝐷𝑟𝑦 𝑠ℎ𝑒𝑙𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)
× 100 

to be compared between sites and species composition type for oysters and mussels, 

separately. Mortality was also quantified for each experimental plate.  

Due to storm events, only 1 replicate plate per species composition remained 

at the BH site but were included in analyses. At both the WS and KL sites, all 

replicates remained after 1 year of field exposure.  
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5.2.2 Environmental variables 

Monthly water samples were collected from each site to assess average yearly 

seston quality including total particulate matter (TPM), organic particulate matter 

(OPM) and the organic percentage of the total particulate matter (OPM/TPM). Water 

samples were filtered through pre-combusted, pre-weighed glass fibre GF-F filters, 

rinsed with two 10 ml samples of ammonium formate to remove salts from the filter 

and dried at 60 °C for 48 hours. Filters were left to cool for 1 hour in a desiccator at 

room temperature and re-weighed for TPM content. Filters were then combusted at 

450 °C for 6 hours, left to cool at 60 °C over-night, cooled for 1 hour in a desiccator 

and re-weighed OPM content.  

During the experiment, Odyssey temperature loggers (Dataflow Systems Pty 

Ltd., Christchurch, New Zealand) were placed alongside growth plates at the 

respective sites which recorded temperature every 10 minutes.  

5.2.3 Data analyses 

Growth rates, condition indices and mortality were assessed after 1 year of 

growth. Data for each species were analysed separately due to large morphological 

differences between the species. Growth rates of mussels are lower than those of 

oysters and the focus of the study was to investigate the effects of interspecific 

competition on the growth rates of mussels and oysters rather than determine 

absolute differences in their growth rates.   

Growth rates and condition indices were analysed using random intercept 

linear mixed-effects models with regards to the fixed factor species composition (i.e. 

monospecific vs heterospecific) with experimental plate nested within site included 

as a random factor to account for ecological variability among experimental plates 

and sites. Estimates of regression coefficients were obtained using the R package 
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lme4 (Bates et al., 2015). Likelihood ratio tests were used to compare models with 

and without the fixed factor to determine its statistical significance (Zuur et al., 

2009). Statistical significance of the random effects was assessed by dropping factors 

from the model and comparing model reductions with the original model using 

likelihood ratio tests via the package lmerTest (Kuznetsova et al., 2017).  

 Mortality for each species was assessed using a generalised linear mixed-

effects model with a binomial distribution using the lme4 package with regards to the 

fixed factor species composition with experimental plate nested with site included as 

a random factor. The influence of composition type was assessed by dropping the 

fixed effect from the model and comparing the reduced model with the original using 

a likelihood ratio test. Visual inspection of quantile-quantile plots and residual versus 

fitted values confirmed assumptions were met for all linear models (Zuur et al., 

2009).  

Seawater total particulate matter (TPM) and organic particulate matter (OPM) 

and seston quality (i.e. organic percentage of TPM) between sites were examined 

using linear models. Normality and homoscedasticity assumptions were assessed 

visually using Q-Q plots and residual plots, respectively and data were transformed 

where necessary to meet assumptions. 

Temperature data were unable to be included in analyses of growth, condition 

indices or mortality and instead, median and quantile temperatures were plotted to 

visualise differences among sites and seasons.  

All analyses were undertaken in R v3.4.2 (R Development Core Team, 2017) 
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5.3 Results 

5.3.1 Growth Rates 

Growth rates of both M. edulis ( = 8.5e-5, t = 1.02, p = 0.31, Table 5.1) and 

C. gigas ( = 3.45e-5, t = 0.30, p = 0.846, Table 5.1) were not significantly affected 

by the species composition of the experimental plates. For C. gigas, growth rates 

differed significantly among experimental sites (Table 5.1) with growth rates at KL 

~25 % and ~16 % higher than at WS and BH (Fig 5.2).  

5.3.2 Condition indices 

 Both species showed significantly reduced growth rates when occurring in 

heterospecific plates compared to monospecific plates (Table 5.1). Monospecific 

cultures had condition indices ~15 % and ~ 13% greater than those in heterospecific 

cultures for M. edulis and C. gigas, respectively (Fig. 5.3). Both species also showed 

significant differences in condition indices among experimental sites. For M. edulis, 

condition indices at BH were ~20 % and ~22 % lower than at WS and KL, 

respectively (Fig. 5.3). For C. gigas, condition indices at the BH were ~25 % and 

~35 % lower than at WS and KL, respectively (Fig. 5.3). 

5.3.3 Mortality 

Species composition had no effect on final mortality of either M. edulis or C. 

gigas (Table 5.2), however mortality of M. edulis was greater than C. gigas in all 

treatments.  
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Table 5.1 Linear mixed-effects models of species composition (fixed factor, 

monospecific vs heterospecific), experimental plate (random factor) and site (random 

factor) on growth rates and condition indices of Mytilus edulis and Crassostrea 

gigas. Results show effects on heterospecific plates compared to monospecific 

plates. Statistical significance for factors is based on likelihood ratio tests with 

significant factors (p < 0.05) shown in bold.  

 
Species composition 

C. gigas  t p 

    Growth rate 0.000085 1.015 0.306 

        Experimental plate 
  

1 

        Site 
  

<0.001 

    Condition indices -0.12171 -2.801 <0.001 

        Experimental plate 
  

0.3427 

        Site 
  

0.0013 

    
M. edulis 

   
    Growth rate 0.000034 0.301 0.846 

        Experimental plate 
  

0.043 

        Site 
  

1 

    Condition indices -1.4459 -3.159 0.01187 

        Experimental plate 
  

1 

        Site 
  

0.0294 
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Table 5.2 Generalised linear mixed-effects models of species composition (fixed 

factor, monospecific vs heterospecific) on the mortality of Mytilus edulis and 

Crassostrea gigas. Results show effects of heterospecific plates compared to 

monospecific plates. Statistical significance for factors is based on likelihood ratio 

tests. 

 
Species composition 

Mortality  z p 

    C. gigas 0.1924 0.511 0.6113 

    M. edulis -3.802 -1.035 0.3117 

 

5.3.4 Environmental variables 

Average total particulate matter (TPM) and organic particulate matter 

measured ~5 mg L-1 and ~1.3 mg L-1, respectively and did not differ among sites 

(TPM - F2,96 = 2.19, p > 0.05; OPM – F2,96 = 0.64, p >0.05) but was most variable at 

KL (Fig. 5.4). Seston quality (i.e. organic percentage of TPM) was on average 27 % 

and was similar among sites (F2,96 = 2.46, p > 0.05). 
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Figure 5.2 Mean length Relative Growth Rates (± SE) of Mytilus edulis and 

Crassostrea gigas at the experimental sites, Ballyhornan (BH; n = 1), Killyleagh 

(KL; n = 3) and Walter Shore (WS; n = 3) and between species compositions.  
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Figure 5.3 Mean condition indices (± SE) of Mytilus edulis and Crassostrea gigas 

after 12 months at the experimental sites, Ballyhornan (BH; n = 1), Killyleagh (KL; n 

= 3) and Walter Shore (WS; n = 3) and between species compositions.  
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Figure 5.4 Median values for seawater total particulate matter (TPM; top), organic 

particulate matter (AFDW; middle), and seston quality (AFDW / TPM; bottom) at 

the experimental sites. Boxes represent the 25th and 75th quantiles, bars show 

standard deviation and dots denote outliers. 
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5.3.5 Temperature 

 At sites where data was returned, daily average temperature 25th and 75th 

quantiles overlapped with median values between sites during all seasons other than 

summer (Fig. 5.5). During summer, quantiles of temperatures did not overlap 

between the sites WS and BH, however median values were within 1 °C of each 

other (15.6 °C and 14.6 °C, respectively).  

Figure 5.5 Median daily average temperatures at experimental sites during different 

seasons. Boxes represent the 25th and 75th quantiles, bars show standard deviation 

and dots denote outliers. 
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5.4 Discussion 

A field manipulation experiment was carried out to identify how interspecific 

competition can influence the growth rates, body condition and mortality of two 

predominantly intertidal bivalves, the native blue mussel, Mytilus edulis, and the 

invasive Pacific oyster, Crassostrea gigas. Growth rates of both species were 

generally unaffected by the presence of the other. However, when condition indices 

were assessed, a significant negative effect on the condition of the native M. edulis in 

the presence of C. gigas occurred. Further, C. gigas condition indices were reduced 

in the presence of M. edulis. Mortality of both species was also unaffected by the 

presence of the other. Significant variation also occurred among experimental sites 

regarding growth rates of C. gigas, which tended to be greater at KL. Condition 

indices of both species also differed significantly among experimental sites with both 

species showing reduced condition on the open Irish Sea coast and C. gigas 

displaying greatest condition at WS. These results suggest that coexistence may 

indeed be possible due to a lack of competitive effects on growth rates, however, 

reductions in the condition indices of M. edulis in the presence of C. gigas could lead 

to reduced health of native populations and community wide ecological impacts. 

Although growth rates and mortality were unaffected by species composition, 

competitive interactions were observed through measured condition indices. Similar 

growth and mortality of both species between the tested species compositions 

concurs with recent documented patterns of coexistence (Holm et al., 2016; Reise et 

al., 2017b). However, growth rates alone do not reflect the health of bivalve 

populations as shell and tissue growth are not consistent with each other (Fréchette & 

Bourget, 1985; Hilbish, 1986; Borrero & Hilbish, 1988;). Health of bivalves can be 

determined by their condition indices which relates the amount of flesh to the amount 
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of shell giving an important measure of their health and allocation of energy to tissue 

or shell production (Seed & Suchanek, 1992). Condition indices revealed that the 

health of M. edulis becomes reduced in the presence of C. gigas. Similarly, overall 

condition indices of C. gigas were reduced in the presence of M. edulis. Competition 

for plankton resources may occur when beds become food limited (e.g. Dolmer, 

2000a; Vismann et al., 2016) which is more likely in areas with low currents as it is 

the bulk water flow that replenishes plankton. Although Dubois et al. (2007) 

suggested that the two species do not compete for food resources even though their 

particle retention sizes overlap (Bougrier et al., 1997), I show here that the presence 

of C. gigas significantly reduced the condition of M. edulis.  

Here, condition indices were also observed to differ among the experimental 

sites. As food availability was determined to be similar among sites, I speculate that 

the main driver of the observed differences in condition index was due to effects 

caused by the different water motion types at the respective sites. Previous studies 

around Strangford Lough have shown that differences in water motion occur within a 

relatively small area (Kregting & Elsäßer, 2014; Kregting et al., 2016; Millar et al., 

unpublished data). Our results show that the condition of M. edulis was greatest at 

KL and WS, sites where water motion is restricted or unidirectional currents occur, 

compared to BH where waves dominate (Millar et al. unpublished data). In contrast, 

C. gigas condition was greater at KL compared to both other sites suggesting a 

preference for areas where little water motion occurs. A possible mechanism driving 

the difference in condition indices for both species among sites relates water motion 

to feeding ability, as feeding of the two species has been shown to respond 

differently to changes in flow velocity (Joyce et al., 2019c). Increased flow velocity 

can create pressure differentials between inhalant and exhalant siphons of bivalves 
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greater than the active pumping can handle (Jørgensen et al., 1986; Wildish et al., 

1987), thus reducing the feeding ability of the organism. This phenomenon may 

drive the observed reduction growth and condition of both species in waves. In 

currents however, the hemi-sessile M. edulis may be able to direct their siphons away 

from the incoming flow allowing continuous feeding (Newell et al., 2001), thus 

explaining the species-specific responses observed in high currents. Continuous 

reversals in flow direction in wave dominated environments ensures inhalant siphons 

are facing into the direction of flow 50 % of the time and inhibits feeding (Newell et 

al., 2001). Also, bivalves may allocate more energy to shell production/thickening 

for protection in highly energetic environments (Akester & Martel, 2000) leading to 

a reduced condition index. Shell weights as a proxy for shell thickness were lowest at 

the wave site for both species thus, I show that reduced condition indices are driven 

by lower tissue production as a result of inhibited feeding rather than shell 

thickening. This experiment, however, was not replicated with multiple sites within 

each type of water motion and thus must be taken with caution. However, I believe 

that this is a strong starting point into determining the differential effects of water 

motion type (i.e. waves vs currents) on physiological responses of coastal organisms.  

The differences in condition index between species compositions does not 

only have implications for the dominance of one species over another in an invasion 

scenario (Nehls et al., 2006), but could have significant consequences in the growing 

field of integrated multi-trophic aquaculture (IMTA). As global demersal fish 

landings decrease, the inshore aquaculture sector is under immense pressure to 

increase productivity to meet the shortfall (Granada et al., 2016). This has initiated a 

multi-trophic approach to aquaculture, with species integrated within licensed sites to 

maximise output from within the same footfall (Ferreira et al., 2007). Although, the 
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IMTA approach is generally associated with a combination of rope grown mussels, 

caged fish and seaweed droppers (Reid et al., 2018), as available licensed spaces 

decrease, an increasing number of growers are likely to combine shore lays of M. 

edulis with trestle grown C. gigas (Abate et al., 2018). The results presented here 

suggest that this combination of species may not be the best-fit for integrated culture.  

 The environmental repercussions of coexistence and competition between 

native and invasive species has been shown to be a powerful driver behind ecological 

change from both a community and ecosystem perspective (Grosholz, 2002). Beds of 

M. edulis are important biogenic habitats considered under the EU habitats directive 

(EU Commission, 1992) and provide an abundant food source for a range of 

intertidal and subtidal predators (Ebling et al., 1964; Paine, 1974; Nehls et al., 1997). 

Native invertebrate predators select native M. edulis over invasive C. gigas (Joyce et 

al., 2019b) and thus reductions in the condition of M. edulis in the presence of C. 

gigas may lead to reduced energy transfer to higher trophic levels. Also, flesh 

weights to calculate condition indices measured here included gonadal tissue of the 

animals which indirectly provides information regarding reproductive fitness (Seed 

& Suchanek, 1992). As larval supply is key for recruitment and persistence of 

biogenic reefs (Knights & Walters, 2010), the inferred reduction in reproductive 

fitness of M. edulis in the presence of C. gigas could have severe implications for the 

persistence of these important habitats. The outcome of gregarious C. gigas 

spawning events which have outnumbered resident M. edulis assemblages on 

Swedish and Dutch intertidal mussel beds has been so comprehensive that many of 

the biotopes have now been reclassified (Dolmer et al., 2014). In the Strömstad and 

Oosterschelde, large estuarine regions which once supported M. edulis reefs and mud 

flats have been transformed into dense C. gigas reefs (Smaal et al., 2009). 
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Overall, I have shown that coexistence between M. edulis and C. gigas is 

indeed possible, however the physiological status of the M. edulis population may 

become reduced after C. gigas invasion. I also provide evidence, albeit speculative, 

that different types of water motion may induce different physiological responses 

both within and between species and thus should be studied in further. Such 

investigations are gathering momentum regarding marine macroalgae (Bekkby et al., 

2014; Kregting et al., 2015; Millar et al. unpublished data), however the effects of 

different water motion type on marine bivalves remains understudied. I also show 

that such field experiments are vital for providing empirical data to calibrate and 

validate the ever-increasing number of modelling investigations. With changes in 

hydrodynamic activity from climate change (Castelle et al., 2018; Reguero et al., 

2019) and anthropogenic influences (Lin et al., 2016), increased invasive species 

introductions and need to increase aquaculture production, further investigations into 

physiological responses and competition potential between native and invasive 

species should be conducted under various environmental contexts.  
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Chapter 6: Synthesis 
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6.1 Overall synthesis 

The overall aim of this thesis was to identify how water motion alters the 

invasion success and ecological impacts of the invasive Pacific oyster, Crassostrea 

gigas. I showed that multiple native European predators (Chapter 2) 

disproportionately consumed native mussels, M. edulis, over C. gigas, a pattern 

which was maintained under increased hydrodynamic disturbance levels (Chapter 3). 

Results from Chapters 2 & 3 suggest that native predators that are unaccustomed to 

C. gigas will facilitate its invasion by continuing to disproportionately consume 

native prey over C. gigas, even when the native prey are rare in the environment. 

Laboratory and field experiments revealed that impacts on plankton resources 

(Chapter 4) and, somewhat more tentatively, physiological performance (Chapter 5) 

of C. gigas are greatest in areas with low current flows and negligible waves, 

whereas native M. edulis may perform better with increased water motion. Chapter 4 

suggests that, even though the feeding of M. edulis is more affected by changes in 

flow velocity, areas with low flow velocities may see greater impacts on plankton 

resources caused by C. gigas feeding due to their greater population biomass. In 

Chapter 5, I showed that coexistence of M. edulis and C. gigas is possible due to 

growth rates and mortality of each species being unaffected by the presence of the 

other. However, the condition of native M. edulis populations in the presence of C. 

gigas may become reduced. Overall, these results highlight that it is areas with little 

water motion, such as those provided by breakwaters, aquaculture facilities, marine 

renewable energy devices and other anthropogenic infrastructure, that will see the 

greatest invasions and ecological impacts from C. gigas, and that the health of native 

populations of M. edulis may be at risk. 
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6.2 Biotic resistance towards Crassostrea gigas 

To quantify predation towards M. edulis and C. gigas, as well as biotic 

resistance towards invasions by multiple predators and under different levels of 

hydrodynamic disturbance, I used a combination of functional responses (FRs) and 

prey switching in Chapters 2 & 3. I found that predation was generally greater 

towards M. edulis compared to C. gigas. This pattern was consistent across 

hydrodynamic disturbance levels and seasons, however the magnitude of the FRs 

was increased in summer compared to winter which was expected owing to 

metabolic theory (Brown et al., 2004). These FRs reveal that more population control 

will be exerted on the native prey by native predators compared to the invasive prey 

and thus C. gigas populations may be able to expand.  

While FRs have shown success in explaining invasions, the incorporation of 

prey switching patterns provides additional information regarding population 

stability and biotic resistance. Prey switching by predators can control abundant 

species while simultaneously providing refuge for scarce species (Murdoch, 1969). 

Thus, in the context of an invasion, invasive species may be ignored by predators 

until their abundance increases above a particular threshold whereby predation will 

increase. Here however, when native M. edulis and invasive C. gigas were offered 

simultaneously, native M. edulis was disproportionately consumed, even when it was 

rare in the environment, and this pattern was retained when hydrodynamic 

disturbance increased.  

Although water motion can affect predator foraging (Kawamata, 1998; 

Gagnon et al., 2003) and extreme waves can drive C. maenas distributions (Grosholz 

& Ruiz, 1996; Silva et al., 2010), here I showed that water motion influenced the 

feeding of C. maenas less so than seasonal changes. Overall, the consistently greater 
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consumption of M. edulis compared to C. gigas suggests that once invasion occurs, it 

is highly likely that populations will remain and become established. Also, the lack 

of prey switching by native predators demonstrates that during invasions, predation 

pressure on M. edulis will be maintained whilst C. gigas are ignored by predators, 

thus further facilitating the invasion of C. gigas. After invasion, if predators do not 

learn to consume C. gigas, consequences may arise from reduced transfer of energy 

through trophic levels or predators switching to other sources of native prey which 

may disrupt ecosystems.  

Of course, other factors such as propagule pressure and recipient community 

diversity may also have roles to play in the level of biotic resistance exerted towards 

invaders (Elton, 1958; Simberloff, 2009; Jeschke, 2014). Propagule pressure, that is 

the combination of the number of individuals released at one time and the frequency 

of releases (Lockwood et al., 2005; Simberloff, 2009), is a fundamental step in the 

spread of invasive species and the persistence of populations. Propagule pressure 

alone, however, is unlikely to fully explain invasions and has been shown to interact 

with recipient community characteristics resulting in differing levels of invasion 

success (Clark & Johnston, 2009; King & Howeth, 2019). For coastal marine 

invertebrates with complex life cycles, propagule pressure (larval release) and 

invasion success will be highly linked with physical coastal processes which have the 

potential to facilitate their spread or reduce their settlement probability (as discussed 

below).  

The biotic resistance hypothesis (Elton, 1958), posits that more diverse 

ecosystems will better resist invasions compared to less diverse ecosystems due to 

increased resource utilisation. In the case of the Pacific oyster invading mussel beds, 

their ecological niches are similar which suggests that invasion success may be 



 

107 
 

minimal. However, results from this thesis (Chapters 2 & 3) show that predator-prey 

interactions may have a key role in further understanding invasion success.  

6.3 The importance of hydrodynamics 

Prior investigations into clearance rate responses to flow velocity have been 

conducted in uni-directional currents ( Wildish & Miyares, 1990; Newell et al., 2001; 

Ackerman & Nishizaki, 2004) which may not be accurate predictors of responses to 

wave driven water motion experienced on open coasts (Denny & Gaylord, 2002). 

Here, I identified how different oscillatory water velocities affect feeding responses 

of the native mussel, M. edulis, and the invasive oyster, C. gigas. To my knowledge, 

this is the first laboratory study to investigate clearance rates in response to 

oscillatory water motion, and also one of the first to investigate how water motion 

affects clearance rates of C. gigas. Clearance rates of the native M. edulis exhibited a 

uni-modal response to flow velocity, with decreased clearance rates occurring at 

extreme low and high velocities. Clearance rates of M. edulis also generally 

increased with increasing food availability, as expected (Bayne et al., 1989; Riisgård 

et al., 2013). Clearance rates of the invasive C. gigas however, were largely 

unaffected by changes in flow velocity and food concentration, contrary to 

expectations. The measured per capita clearance rates of M. edulis here were higher 

than those of C. gigas which were lower than other laboratory investigations (Walne, 

1972; Gerdes, 1983; Dupuy et al., 2000), however were consistent with field 

observations (Wheat & Ruesink, 2013).  

Although the per capita clearance rates of M. edulis were greater than C. 

gigas, when combined with population biomasses in the RIP metric, the high 

population biomass of C. gigas led to greater relative impact potentials on plankton 

resources compared to M. edulis when flow velocity and food concentrations were 
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reduced. It is within such areas then that increased clearance of particles from the 

water column may lead to further competition with native filter feeders and potential 

ecosystem impacts. 

Here, the field experiment identified competitive interactions between M. 

edulis and C. gigas through measuring physiological characteristics. The experiment 

was conducted across experimental sites that are likely to differ significantly in the 

type of water motion that occurs at each (Kregting et al., 2016; Millar et al., 

unpublished data). Previous investigations have shown that extreme low and high 

waves can reduce growth rates (Steffani & Branch, 2003), however, I found that 

growth rates of M. edulis were similar among sites, which corroborates with results 

from Westerbom & Jattu (2006). Prior investigations into the influence of water 

motion on C. gigas are rare, however, oyster growth rates cultured in oyster lanterns 

at high and low energy locations have been shown to be similar (Pogoda et al., 

2011). In contrast, here the growth rates of C. gigas were greatest where water 

motion is restricted, suggesting that areas with such conditions may see the greatest 

influence from C. gigas, as per Chapter 4. 

Although outside the scope of this thesis, water motion is also fundamental in 

the transport, dispersal, population connectivity and settlement of species with larval 

life stages. As larval swimming speeds are orders of magnitude lower than water 

motion induced by waves and currents (North et al., 2008), larvae rely upon this 

physical phenomenon to travel any significant distance. With regards to marine 

invasive species, secondary spread through larval transport is an important part of the 

invasion process (Byers et al., 2015). Frequent introductions through aquaculture has 

allowed populations of C. gigas to establish with coastal currents continuing the 

spread on invasion on a more local scale. Hydrodynamic models with particle 
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tracking (e.g. Kregting & Elsäßer, 2014) are tools that show good utility in 

understanding potential dispersal of particles and larvae in the marine environment. 

Development of such models, especially for invaders such as C. gigas (Robins et al., 

2017), have the potential to identify key areas likely to be susceptible to invasions.  

In terms of larval settlement, hydrodynamic forces have been found to induce 

settlement behaviours in a range of motile larvae (Abelson & Denny, 1997; Fuchs et 

al., 2015; Wheeler et al., 2015). High accelerations in flow have been shown to 

induce downward swimming behaviours (Wheeler et al., 2015) however further 

investigation into such behaviours is necessary. On the contrary, high accelerations 

in flow can also remove larval particles from surfaces thus decreasing the probability 

of successful settlement (Reidenbach et al., 2009). Although this thesis has shown 

that hydrodynamics may mediate biotic interactions involving invasive species, there 

are still a myriad of further processes that require further investigation to fully 

understand how water motion may affect the invasion success of C. gigas.  

6.4 Implications for native communities 

When native oyster populations declined and C. gigas was introduced to 

replenish dwindling stocks (Went, 1962), it was assumed that they would be 

contained within aquaculture sites. Natural spatfalls led to feral populations of C. 

gigas which is now considered one of the most globalised marine invertebrates 

(Herbert et al., 2016). Invasions onto M. edulis beds by C. gigas can cause shifts in 

the dominant species on shorelines (Kochmann et al., 2008; Reise et al., 2017a). Reef 

formation by C. gigas can indirectly alter M. edulis population size structure (van der 

Zee et al., 2012) and affect feeding in higher trophic levels (Markert et al., 2013).  

The role of C. gigas within ecosystem functioning (Green et al., 2012) and 

competitive interactions with other oyster species (Zwerschke et al., 2018b) have 
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been investigated, but their impacts on plankton resources and the interplay of water 

motion on such interactions has lacked investigation. Although plankton resources 

are not thought of as limiting in the marine environment, local depletion can occur 

above bivalve beds (Dolmer, 2000a; Vismann et al., 2016) which will induce 

interspecific competition. The greater relative impacts of C. gigas compared to M. 

edulis (Chapter 4) and thus predicted greater clearance of more plankton from the 

water column may have implications for the wider community such as increased 

water clarity leading to macroalgal increase (Zhu et al., 2006) and increased transfer 

of nutrients to the benthos leading to changes in faunal community structure (Norkko 

et al., 2001). Increased biodeposition and the decomposition of such deposits can 

affect sediment chemistry and microbial activity (Green et al., 2012; Green & Crowe, 

2013,2014) thus causing indirect impacts on ecosystem functionality, although the 

effects are density dependent.  

During the field experiment conducted here (Chapter 5), although growth 

rates of M. edulis were unaffected by the presence of C. gigas, the condition index of 

M. edulis was consistently reduced in heterospecific groups compared to 

monospecific groups. Reduction in physiological fitness of M. edulis may relate to 

gonad development as condition indices of bivalves is known to decrease after 

spawning (Li et al., 2009). As larval supply is key to the development and 

persistence of populations, especially in sessile organisms (Knights & Walters, 

2010), this potential reduced reproductive output may have severe implications for 

mussel populations and warrants further investigation. Reduced body condition may 

also lead to effects cascading through higher trophic levels due to the amount of 

energy being transferred to predators per unit of effort to process one individual 

mussel. As M. edulis provides an important food source (Ebling et al., 1964; Paine, 
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1974; Nehls et al., 1997) as well as biogenic habitat for a wide range of species 

(Norling & Kautsky, 2007, 2008), impacts on their health have the potential to be 

damaging for entire ecosystems.  

6.5 Experimental approaches 

It is important to understand how water motion affects species interactions 

within the marine environment due to increases in wave height (Bertin et al., 2013; 

Reguero et al., 2019) as well as influences on hydrodynamics stemming from 

anthropogenic sources (O’Donncha et al., 2013; Lin et al., 2016). The methods for 

simulating increased hydrodynamic disturbance on motile predators used here 

(Chapter 3) may not have provided conditions that simulate benthic water motion in 

waves. Although these methods have been used previously to simulate wave 

exposure (Mrowicki & O’Connor, 2015; White et al., 2018), they may be more 

representative of waves crashing in coastal tidal pools, rather than the horizontal 

oscillations that subtidal crabs experience. Thus, further investigations into the 

influence of waves on predation should be conducted using waves tanks (Gagnon et 

al., 2003) or oscillating flow tanks (Kawamata, 1998).  

In the laboratory, measurements of bivalve clearance rates are still 

surrounded by controversy due to different methods of offering food to the 

organisms and different measurement methods (Riisgård, 2001). To quantify the 

clearance rates of M. edulis and C. gigas (Chapter 4), I used an algal monoculture for 

both ease and precision of measuring cell concentrations within the experimental 

tanks. Although methods using natural seston loads would provide more realistic 

simulations of field conditions (Strohmeier et al., 2009; Zhang et al., 2010; Galimany 

et al., 2011), accurately quantifying clearance rates using natural seston requires 

different methods than available here. Certainly, results from this thesis are only the 
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beginning in terms of measuring clearance rates in relation to oscillatory water 

motion and further investigations should be conducted using natural seston. Further 

investigations measuring clearance responses towards both oscillatory and uni-

directional flows simultaneously should also be conducted to gather more 

information regarding physiological processes of coastal bivalves.  

The use of field manipulation experiments (Chapter 5) often lack the 

precision of laboratory experiments, however, organisms are subject to conditions as 

close as possible to natural conditions and thus are more representative of naturalised 

scenarios. The overall outcomes of the field experiment provide a stable basis for 

future research in determining interspecific competition between the two focus 

species as well as an informative start into differentiation between the types of water 

motion on physiological processes of coastal bivalves.  

Although research into the invasions and impacts of C. gigas still needs 

further investigation, this thesis provides new and significant information regarding 

C. gigas invasion success, ecological impacts, and competition with M. edulis, along 

with the importance of how water motion affects these processes.  

6.6 Conclusions and future research 

Within this study system, I have shown that little predator driven biotic 

resistance towards C. gigas will be exerted by multiple native predators and under 

different abiotic contexts. As predator learning towards different prey can occur 

(Roudez et al., 2008), further investigation into predation and prey switching after 

different periods of exposure to invasive prey should be conducted to assess whether 

predators exert population control over C. gigas after prolonged exposure. 

I have demonstrated that water motion, which is often overlooked, is a key 

mediator of competition potential and ecological impacts of C. gigas, with the largest 
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risk of damaging effects occurring in areas with little water motion (Chapters 4 & 5). 

As the Relative Impact Potential results from Chapter 4 are predictive, field 

validation should be conducted to assess plankton dynamics above mussel, oyster, 

and mixed species beds, which may provide information regarding resource 

competition with the wider community, especially other filter feeders. Although 

studies have suggested that the two species do not utilise the same resources (Dubois 

et al., 2007), faeces and pseudofaeces production should be investigated with regards 

to natural seston communities to fully understand which particles are removed from 

the water column by each species (but see Bougrier et al., 1997).  

Here, I also showed that C. gigas may have detrimental effects on M. edulis 

populations by reducing its condition index, irrespective of hydrodynamic condition. 

A loss of condition within M. edulis populations may have implications regarding M. 

edulis population persistence and thus the health and reproductive output of M. edulis 

populations after invasions should be investigated. This work may also have 

implications for multispecies aquaculture. If there are situations in which both 

species are cultured, although their growth in size may be unaffected by the presence 

of the other species, the meat content and thus quality of the saleable animals will be 

reduced.  

Finally, experimental investigations such as these provide empirical data 

which are vital for predictive modelling (Kotta et al., 2019). By investigating 

biological processes in relation to water motion, such data has the potential to be 

coupled with hydrodynamic models to produce even more useful and accurate 

predictions of how changes in water motion, potentially caused by factors such as 

coastal infrastructure, alter C. gigas invasions and ecological impacts. 
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