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Abstract  

Differential impacts of parasitism among sympatric species influence important 

interactions among hosts, both directly and indirectly, which can translate to 

impacts on communities and ecosystems. This thesis investigated the role and 

strength of parasite-mediation on interspecific interactions in a community of 

freshwater crustaceans. Specifically, I examined the impacts of the trematodes 

Coitocaecum parvum and Maritrema poulini, acanthocephalan 

Acanthocephalus galaxii, and nematode Hedruris spinigera, on four crustacean hosts: 

the amphipods, Paracalliope fluviatilis and Paracorophium excavatum, and isopods, 

Austridotea annectens and A. lacustris. 

 Direct effects of parasites on host survival, behaviour, and reproductive 

parameters were assessed in three host species. Hosts varied in their 

susceptibility and tolerance to parasites. Maritrema poulini and C. parvum had no 

effect on P. excavatum survival despite a high abundance, whereas they 

negatively affected P. fluviatilis survival. Behaviour of A. annectens was affected 

by M. poulini, with more heavily infected individuals being more active. 

 Then, the role of M. poulini in mediating microhabitat use by congeneric 

isopod species was tested in laboratory experiments. Austridotea annectens 

showed a clear preference for one microhabitat type regardless of competition or 

infection. Conversely, A. lacustris showed little habitat selection without 

competition. However, A. lacustris clearly favoured sandy habitats when 

competing with uninfected A. annectens and rocky habitats when competing with 

infected A. annectens. We also tested the role of M. poulini infection on predation 

risk of A. annectens hosts by a dragonfly nymph, a ‘dead-end’ host for the 

parasite. Isopods with higher parasite abundance were less likely to be caught by 

dragonfly predators. 

 To quantitatively test the role of parasites in regulating host populations 

and structuring communities, I used a mesocosm experiment with the four-host 
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species and with or without exposure to M. poulini. This parasite was found to 

influence population dynamics of hosts in species-specific ways. In particular, the 

survival and recruitment of the amphipod P. fluviatilis were greatly reduced. As a 

consequence, the relative abundance of each species was also influenced by 

parasite exposure, thus demonstrating the role of parasitism in host community 

structuring.  

 Climate change is likely to substantially impact ecosystem structure and 

dynamics, yet our understanding of the complex interactions between multiple 

parasites and other abiotic factors remains limited. I set up a mesocosm 

experiment to examine the combined role of parasites and temperature on 

community structure. Parasite exposure and temperature had additive effects on 

community composition. Higher temperatures strongly impacted both species of 

amphipods. However, isopod hosts were less affected, suggesting that predicted 

temperature rise, and higher parasite exposure may increase the relative 

abundance of isopods in the community.  

  Overall, this thesis showed that variation in how parasites affect their 

different host species results in community-wide effects. One trematode species 

was shown to affect the distribution of another species, and mediate competition 

between these species, as well as alter the hosts’ susceptibility to predation. 

Variable exposure to the trematode M. poulini influenced population dynamics of 

these hosts. The combination of temperature and parasitism was found to have 

an independent and sometimes additive effect on the abundance of crustacean 

species. My results provide new evidence that, by influencing key interactions 

among hosts, both directly and indirectly, parasites can affect relative abundance 

of host and non-host species, ultimately altering community and ecosystem 

structuring. 
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“Even in the vast and mysterious reaches of the sea 
we are brought back to the fundamental truth that 

nothing lives to itself” 

Rachel Carson 

 

1.1 Ecosystem Dynamics 

Ecosystems are dynamic, being continuously impacted by various internal and 

external disturbances. The complexity of communities and ecosystems is the 

result of many interacting factors, both abiotic and biotic (Michener et al., 2001). 

The area’s geography, climate patterns, the heterogeneity of the environment, 

and frequency of disturbances, as well as interactions between organisms all play 

a role in determining the species abundance and composition within a 

community (Sih et al., 1985; Whittaker et al., 2001; Willis and Whittaker, 2002; 

Parmesan, 2006; Mayor et al., 2012). The large number of interactions within all 

systems, including the many species interaction pathways, long-term feedback, 

and the non-symmetrical strength of these interactions, add layers of complexity 

to ecosystems, and make our ability to predict the long-term structure of an 

ecosystem much more difficult (Wootton and Emmerson, 2005). Within 

multispecies systems, it is essential to consider the strength of biotic interactions 

to account for their importance in overall community structure (Wootton and 

Emmerson, 2005). 

One of the main aims of ecology is to understand these complex 

interactions and structures, and many approaches have been used in an attempt 

to better understand community and ecosystem structure. Empirical and 

theoretical approaches, and the combinations thereof, have been used in an 

attempt to accurately describe ecosystem functions (Hunter and Price, 1992). 

Often, systems have been examined using a bottom-up or top-down model to 
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explore the ecological factors that help shape the patterns observed in nature. 

With bottom-up control, increased production at the lowest trophic level results 

in increased productivity at all subsequent trophic levels. Conversely, top-down 

control theories suggest consumers depress the trophic level on which they feed, 

and this indirectly increases the next lower trophic level. However, it is much 

more likely that these processes act jointly, not in isolation (Hunter and Price, 

1992).  

Predicting and understanding the behaviour of both ecosystems and their 

communities require one to identify and understand the roles of both direct and 

indirect interactions between species and their environment. Direct interactions, 

the direct impact of one individual or species on another, have long been 

understood to be crucial biotic forces shaping communities (Hacker and Gaines, 

1997). Direct positive interactions, such as mutualism and commensalism, may 

impact species diversity and consequently community ecology, although they are 

often overlooked (Hacker and Gaines, 1997). The relative importance of direct 

negative interactions, such as predation, competition, and parasitism, in shaping 

ecosystems has been debated considerably, with many studies indicating the 

importance of each direct interaction varying depending on the community 

under study (Sih et al., 1985).  

The complexity of indirect interactions, the effects of one species on another 

that are mediated by a third species or resource availability, has been suggested 

to be one of the larger drivers of community dynamics (Menge, 1995; Wootton, 

2002). Four general types of indirect interactions have been proposed: trophic 

linkage (e.g., changes in abundance), behavioural (e.g., interaction modifications), 

environmental (e.g., changes in the abiotic conditions), and chemical response 

(Menge, 1995). Indirect effects have the potential to cancel each other or act 

synergistically, be more significant than direct effects, and often may take a long 

time to become apparent (Bender et al., 1984). Previous studies have highlighted 

seven models of indirect interactions: keystone predation (i.e., where a predator 
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species will increase the abundance of its prey’s competitors (Power et al., 1996)), 

trophic cascades (e.g., where predators suppress the abundance or alter the 

behaviour of their prey, which thereby releases the next lower trophic level from 

predation/herbivory (Wootton, 2002)), exploitation competition (e.g., the decrease 

in a species due to the reduction of its food source by another species), apparent 

competition (e.g., reduction in the abundance of one species due to increases in 

another species which will increase depredation by a shared enemy (Holt, 1977)), 

indirect mutualism (Menge, 1995), indirect commensalism (Sanders and van 

Veen, 2012), and habitat facilitation (e.g., when one species indirectly improves 

the habitat of another species by altering the abundance of a third (Pringle, 

2008)). Additionally, parasite mediation may be an important source of indirect 

interactions. Parasites can act as agents in interference competition, defence of a 

species against its enemies, and assist consumers in exploiting the species they 

consume (Park, 1948; Holt and Pickering, 1985; Price et al., 1986; Lafferty et al., 

2006; Wood et al., 2007). However, this type of indirect interaction has often been 

overlooked.  

 

1.2 Parasite-mediation in ecosystems 

Many traditional approaches to understanding ecosystem dynamics have 

ignored several key interactions between species through the exclusion of 

parasitic organisms. The lack of inclusion results in an incomplete picture of 

community dynamics (Kutz et al., 2009a; Hatcher et al., 2012). Parasites can drive 

ecosystem function, impact biodiversity, serve as ecosystem engineers, mediate 

species coexistence, alter network structure, and regulate population dynamics 

(Bowers and Turner, 1997; Mouritsen and Poulin, 2005; Hudson et al., 2006b; 

Hatcher et al., 2006, 2012, 2014; Wood et al., 2007; Médoc et al., 2017).  

Since parasites occur in all ecosystems, parasite mediation is common in 

natural systems and represents a major type of biotic interaction (Price et al., 
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1986). Previous studies have heavily focused on the severe and obvious effects of 

parasites on their hosts (Anderson et al., 1981; van Riper et al., 1986; Jensen et al., 

1998; Almberg et al., 2009). Host response to parasite infection can include 

alterations in resource allocation, altered investment in immune function, 

modified reproductive effort and mating success, premature aging, and increased 

vulnerability to predators or other stressful conditions (Brown and Pascoe, 1989; 

Cox, 2001; Thompson et al., 2001; Bedhomme et al., 2005; Thomas et al., 2009; 

Figure 1.1 Interaction -d/-f). These direct effects of parasitism can be much easier 

to observe than indirect effects of parasite mediation (Sieber et al., 2013; Figure 

1.1). As such, much less is known about the indirect effects of parasitism on 

many host life history traits (Sieber et al., 2013). The subtle effects of infection are 

much harder to quantify, such as reduction in the host carrying capacities and 

competitive abilities (Schall, 1992). However, these indirect effects of infection 

can be highly influential to population dynamics. As outlined in Figure 1.1, 

parasite mediation can theoretically become a major part of the interactions 

occurring between two species.  

 
Figure 1.1 Parasite mediation of two species interaction (modified from Price et al., 1986). 
Three trophic levels showing their interactions between host, parasite, and resources. 
Interactive effects indicated by negative (-) and positive (+) letters. Competitor A affects 
competitor B through three routes. The direct effect of competition is indicated by –a/-b 
(interference competition). Resource competition, or the impact of both using the same 
resources, is indicated by –g/+h and +j/-i. The effect of a common parasite on its host is 
represented by +c/-d and –f/+e.  
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Furthermore, trematode parasites have been shown to interfere with the 

ability of cockles, Austrovenus stutchburyi, to burrow and move after being 

dislodged (Mouritsen and Poulin, 2005). High parasite loads in cockles leads to 

increased presence of surfaced cockles leads to increased species richness of 

intertidal invertebrates and impacts community function and structure 

(Mouritsen and Poulin, 2005). Further, increased parasite diversity has been 

shown to improve the functioning of ecosystems (Hudson et al., 2006b), and the 

spatiotemporal variation in the abundance and diversity of parasites within a 

community can influence the outcome of multi-trophic competition (Hatcher et 

al., 2006).  

 

1.3 Multispecies infections 

In complex ecosystems, multispecies infections (i.e. simultaneous infections by 

different parasite species) in a single host are very common, further complicating 

relationships among hosts, parasites, and ecosystems (Hughes and Boomsma, 

2004; Pedersen and Fenton, 2007; Lagrue and Poulin, 2008a; Alizon et al., 2013; 

Thumbi et al., 2014; Lange et al., 2014). Co-infecting parasites share a fixed 

amount of host resources, over which they must compete. However, although 

each infection may be independent, the presence of multiple species may cause 

synergistic or antagonistic effects, as multispecies infections may modify each 

others’ effects on the host (Lagrue and Poulin, 2008a; Alizon et al., 2013; Lange et 

al., 2014). Competition between parasites within the host is predicted to influence 

aspects of the host-parasite relationship, such as the epidemiology of the disease 

caused by infection as well as the evolution of parasites (Hood, 2003; Gower and 

Webster, 2005). Further, interactions between parasites may affect their respective 

virulence and the survival of the host (de Roode et al., 2004; Balmer et al., 2009; 

Alizon, 2013; Lange et al., 2014; Gleichsner et al., 2018). The overall virulence of 

the combination of parasites can be higher than that of the most virulent parasite, 
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lower than that of the least virulent or some intermediate level (Alizon et al., 

2013). Therefore, the effects of diverse within-host parasite assemblages can often 

be very difficult to predict (Alizon, 2013; Gleichsner et al., 2018).  

The strength of the interactions between parasites infecting a host can 

depend on host behaviour (Bush and Malenke, 2008), parasite infection intensity 

(Fellous and Koella, 2009), order of infection (Li et al., 2010; Lohr et al., 2010; 

Hoverman et al., 2013), and parasite life history (Lagrue and Poulin, 2008a). 

Multispecies infections can also have significant consequences for the 

transmission of parasites within a community (Alizon et al., 2013). For example, 

co-infection by malaria and the helminth Litomosoides sigmodontis cause 

reductions in host body mass greater than infection by malaria alone (Graham et 

al., 2005). Additionally, gastrointestinal worm infection is associated with poor 

body condition in buffalo Syncerus caffer that are also infected with bovine 

tuberculosis  (Jolles et al., 2008). Yet, despite the significance of interactions 

among shared parasites and multispecies infections, little is known about how 

shared parasites may shape host communities on the ecosystem level. 

 

1.4 Parasite-mediation of competition and predation 

Parasite-mediated interspecific competition between hosts may occur through 

density-mediated effects on other hosts in the community, and/or through the 

modification of the competitive ability of hosts (Hatcher et al., 2006). Variation in 

infection levels among hosts is linked to the heterogeneity of the individuals in a 

population, their exposure to infective stages of the parasites, and their 

susceptibility upon exposure to these infective stages (Shaw and Dobson, 1995). 

Although some parasites are host-specific, many parasite species are known to 

infect a variety of hosts, many of which may be strong competitors within their 

ecosystem. Differential impacts of parasites on competitors may thus affect their 

relative competitive abilities (Price et al., 1986; Figure 1.1).  
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As free-living species vary in their susceptibility and tolerance to parasites, 

the presence or absence of a parasite species may dictate the coexistence of 

species or the complete absence of one species within an ecosystem (Begon et al., 

1992; Greenman and Hudson, 2000; Hudson et al., 2006b; Hatcher et al., 2006). If 

two species are equal competitors, the presence of a parasite that infects only one 

may change this interaction and shift this balance. If the host is negatively 

affected by the parasite it may allow the other competitor to have an advantage. 

The more tolerant host may also be able to act as a reservoir for the parasites, 

maintaining a high level of parasites within the same system (Arneberg et al., 

1998). Differential responses to parasites can result in a less tolerant species 

becoming exposed to a higher level of parasites, potentially impacting its ability 

to compete and making it more vulnerable to predation. The more tolerant 

competitor may become the better competitor within the ecosystem, and so the 

parasite has mediated the interaction between the two hosts and altered their 

competition and the risk of predation of one host over the other (Greenman and 

Hudson, 2000; Figure 1.1). In the classic study by Park (1948), the outcome of 

competition between the two conspecific beetle species, Tribolium confusum and 

T. castaneum, was completely reversed by a shared protozoan parasite, Adelina sp. 

One beetle species dominated in the absence of their shared parasite, while in the 

presence of a parasite this species disappeared (Park, 1948). It has been suggested 

that the strength of inter- and intraspecific competition, vulnerability of the host, 

and the strength of parasite transmission together will affect the outcome of 

parasite-mediated competition. As illustrated in Figure 1.2, six potential 

outcomes have been modelled for competitors that share parasites. 
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Figure 1.2 Representation of the outcomes for parasite-mediated competition models. 
The schematic is qualitative only, precise outcomes depend on multiple factors, 
including pathogenicity, host reproductive rates, and degree of parasite aggregation 
within hosts. Modified from Hatcher and Dunn, 2011. 

Predator-prey interactions are a key component of transmission dynamics 

for parasites that move between trophic levels (Raoul et al., 2010). Trophically 

transmitted parasites may change their hosts’ behavioural phenotypes, ultimately 

increasing infected hosts’ vulnerability to predation (Poulin, 1995; Klein, 2005; 

Thomas et al., 2005; Sparkes et al., 2006; Seppälä and Jokela, 2008). Behavioural 

changes observed in infected hosts have been widely documented in the 

literature (Barber et al., 1995; Poulin, 1995; Klein, 2005; Thomas et al., 2005; 

Sparkes et al., 2006). These modifications may increase the chance of parasite 

transmission to the next host (Poulin, 1995). For example, Asellus aquaticus 

isopods that were infected with the parasitic worm Acanthocephalus lucii, were 

more susceptible to predation by the European perch (Perca fluviatili), likely due 

to alterations to the isopods’ phenotype, including darkening of the abdomen 

and behavioural shifts (less time spent hiding) (Seppälä et al., 2008).  
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However, the same alterations that may increase the chance of parasite 

transmission to the next host consequently may also increase host vulnerability 

to predation by predators unsuitable as definitive hosts (i.e., 'dead-end' hosts; 

Mouritsen and Poulin, 2003; Seppälä and Jokela, 2008; Seppälä et al., 2008). This 

was the case in the example described above. Changes to the phenotype of 

A. aquaticus isopods increased their vulnerability to consumption by both dead-

end predators and the parasite’s definitive host (Seppälä et al., 2008). 

Alternatively, modifications in the behavioural phenotype of hosts may cause 

them to be more effective at evading dead-end predators, increasing the 

probability of the parasite continuing its life cycle (Levri, 1998; Médoc et al., 2006, 

2009; Médoc and Beisel, 2008). Altogether, these interactions highlight the 

complex roles parasites can play in mediating predation and competition. 

 

1.5 Habitat and community structure  

Non-lethal effects of parasitic infections may influence the outcome of 

interspecific interactions (Mouritsen and Poulin, 2005; Pegg et al., 2015). 

Differences in competitive ability induced by parasites can ultimately affect 

competition for resources and/or direct antagonistic interactions, eventually 

leading one species to exclude its competitor from particular areas within the 

habitat. Exclusion from prime microhabitats can have serious consequences for a 

species in terms of access to food resources and predation avoidance (Fine, 2015). 

For instance, MacNeil and others (2003) demonstrated subtle differences in 

habitat usage by the infected amphipod species, Gammarus pulex. Individual 

amphipods found in the faster-flowing, shallower areas of streams had a higher 

prevalence of the acanthocephalan parasite Echinorhynchus truttae compared to 

individuals found in slower, deeper areas (MacNeil et al., 2003a). They suggested 

that this altered habitat use likely increased the vulnerability of amphipods to 

consumption by fish predators (MacNeil et al., 2003a).  
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Parasites are known to change the physical properties of ecosystems 

through influencing their hosts or directly impacting their environment (Thomas 

et al., 1999; Poulin, 1999; Mouritsen and Poulin, 2010; Hatcher et al., 2012). As 

ecosystem engineers, i.e. species that directly or indirectly create, significantly 

modify, maintain or destroy a habitat, parasites may play a role in the physical 

characteristics of their community (Poulin, 1999). Studies in Japan demonstrated 

that dung beetles, Onthophagus spp., when infected with the nematode 

Streptopharagus pigmentatus, consumed less faeces than uninfected individuals 

(Boze et al., 2012). As dung beetles are responsible for removing the majority of 

faeces within their ecosystem, a process that is very important for ecosystem 

function, infection by the parasitic nematode S. pigmentatus could be classified as 

ecosystem engineering through alterations to its host behaviour (Boze et al., 

2012). 

Although some of the direct and indirect effects of parasite-induced 

modifications of hosts are starting to be better understood (Holt and Lawton, 

1994; Jaenike, 1995; Tompkins et al., 2000; Bollache et al., 2001; Wood et al., 2007; 

Mouritsen and Poulin, 2010; Vivas Muñoz et al., 2017), most studies have been 

conducted on a smaller scale, focusing on two host species with one shared 

parasite. However, host-parasite-community dynamics in natural ecosystems are 

far more complex and difficult to predict. The strength of interactions and their 

interplay with other community functions likely lead to outcomes other than 

those predicted by studying these impacts alone.  

 

1.6 Abiotic stressors on parasites and hosts 

Shifts in abiotic conditions, such as rising average temperature, longer and 

recurrent heat waves, rising water levels, more frequent extreme weather events, 

heavier precipitation and flooding, severe droughts, shifting seasons, and 

increased ocean acidification, as well as their cascading abiotic consequences, will 
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undoubtedly have strong impacts on biotic systems (Cramer et al., 2001; Wrona et 

al., 2006; IPCC, 2014). Changes to climate seasonality can impact a range of 

biological systems, by inducing phenological changes (Parmesan, 2006; Inouye, 

2008; Brown et al., 2016), increasing the duration of seasonal breeding (Magnuson 

et al., 1997; Fitter and Fitter, 2002; Hudson et al., 2006a), altering the timing of life 

history synchrony (Visser and Both, 2005; Parmesan, 2006), range expansions and 

contractions (Parmesan et al., 1999; Alexander et al., 2015; Pecl et al., 2017), local 

extinctions (Parmesan, 2006; Pounds et al., 2006), and changes in pathogen 

exposure and disease dynamics (Patz et al., 1996; Lafferty, 2009; Epstein, 2010). 

Alterations in pathogen exposure may have substantial direct impacts on biotic 

health, as well as impact the role parasites can play in ecosystem dynamics. As 

parasites are key factors determining species distributions, biodiversity, trophic 

interactions, and community structure (Price et al., 1986; Kiesecker and Blaustein, 

1999; Thomas et al., 1999; Wood et al., 2007), any alterations in parasite dynamics, 

due to changing abiotic conditions, may have cascading effects on the whole 

ecosystem (Darling and Côté, 2008; Lafferty, 2009; Epstein, 2010; Marcogliese, 

2016; Auld and Brand, 2017; Labaude et al., 2017). 

Thermal optimum and physiological tolerance vary widely among species; 

in ectothermic hosts and parasites, external temperature is particularly crucial 

(Quinn et al., 1994; Sunday et al., 2011). As such, the host’s internal environment, 

and that of its parasites, can be strongly impacted by abiotic changes in the 

external environment (Quinn et al., 1994; Marcogliese, 2001, 2016; Barber et al., 

2016). Increases in temperature accelerate biochemical reactions and metabolic 

rates of ectothermic hosts and parasites, accelerating growth, development, and 

maturation, as well as decreasing survival, particularly for non-feeding, free-

living stages of parasites (Quinn et al., 1994; Magnuson et al., 1997; Helmuth and 

Hofmann, 2001).  

Temperature changes can affect host-parasite interactions, accelerate 

parasite development and life cycles, thus reducing generation time, increase 
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host susceptibility by weakening host defences, and modify parasite-mediated 

competition (Blanford et al., 2003; Lafferty et al., 2004; Cattadori et al., 2008; Larsen 

et al., 2011; Macnab and Barber, 2012; Pauli et al., 2012; Labaude et al., 2015; 

Sheath et al., 2016). Overall, changes to temperature can have substantial impacts 

on numerous life-history characteristics for both parasites and their hosts (Figure 

1.3).  

 

 
Figure 1.3 Conceptual model representing life-history characteristics likely vulnerable to 
modification by temperature changes. Model represents a hypothetical parasite that has 
two free-living stages, egg and free-living infective stage, as well as one intermediate 
host and definitive host. The host effects that may be influenced by temperature are 
applicable to both the definitive and intermediate hosts. Modified from Marcogliese, 
2001. 

For example, temperature and infection with Pomphorhynchus tereticollis had 

an additive negative impact on the leaf shredding abilities of the amphipod 

Gammarus fossarum (Labaude et al., 2017). Evidence has also suggested that 

climate may be crucial in host population abundance cycles through its influence 
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on both the survival and transmission of parasite infective stages (Cattadori et al., 

2005).  

Alterations in precipitation patterns, leading to different water levels, 

eutrophication, stratification, acidification, current dynamics, ultraviolet 

radiation, and other abiotic changes in aquatic ecosystems will also indirectly 

impact parasites and their hosts (Magnuson et al., 1997; Marcogliese, 2001). 

Lower water levels and flow rates may promote the retention of free-swimming 

infective stages, including trematode miracidia and cercariae, retention of snails 

(that serve as first intermediate hosts for many trematodes), as well as 

accumulation of nutrients (Berra and Au, 1978; Stables and Chappell, 1986; 

Janovy et al., 1997). Stream flow has been negatively correlated with multiple 

measures of parasite diversity (McDowell et al., 1992; Marcogliese, 2001). Further, 

lower water levels are likely to have substantial impacts on host species, 

including zooplankton, macroinvertebrates, fish, and aquatic birds (Marcogliese, 

2001). All of these changes, alone but more likely in combination, will have 

dramatic impacts on community dynamics and host-parasite interactions.   

 

1.7 Model system  

Freshwater benthic communities are diverse systems with many species of hosts 

and parasites and impacted by both top-down and bottom-up interactions, and 

therefore are good study systems to examine parasite-mediated interspecific 

interactions. I used two amphipods (Paracalliope fluviatilis and Paracorophium 

excavatum), and two isopod species (Austridotea annectens and Austridotea 

lacustris) that are commonly found in sympatry in New Zealand lake ecosystems 

(Figure 1.4). All parasites and their hosts are well studied in this system (Poulin, 

2001; Lefèbvre et al., 2005; Lagrue and Poulin, 2007, 2008b; Luque et al., 2010; 

Lagrue et al., 2011, 2015; Rauque et al., 2011), allowing us to integrate prior 

research with these current studies.  
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Figure 1.4 Model system showing the four larval parasite species and which of the four 
crustacean hosts they infect (shown by arrows). 

All four crustacean host species compete with each other and they also share 

a variety of macroparasites in different combinations (Holton, 1984; Lagrue and 

Poulin, 2008a; Luque et al., 2010; Presswell et al., 2014). I specifically focused on 

four different species of parasites, two trematode species, one acanthocephalan, 

and one nematode (Figure 1.4). Two common and well-studied trematode species 

that are present in the system as metacercariae; Coitocaecum parvum infects both 

amphipod species (MacFarlane, 1939), and Maritrema poulini infects both 

amphipods as well as the isopod A. annectens.  Paracalliope fluviatilis is also host to 

Acanthocephalus galaxii (acanthocephalan cystacanth). Hedruris spinigera (larval 

nematode) infects only Paracorophium excavatum. Intraguild predation may also 

occur among these crustacean species, making this a good community to study 

parasite-mediated interspecific interactions. The host species are also essential 

food sources for many consumers within their community, creating further links 
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within their food web, and providing trophic transmission pathways for some 

parasites. (Lagrue et al., 2011). The relatively short life spans of these hosts also 

offers a chance to examine the role of parasite mediation across multiple 

generations. 

Paracalliope fluviatilis is an abundant, demersal, free-swimming amphipod 

that is commonly found in freshwater to brackish lakes on the South Island of 

New Zealand (Sutherland et al., 2007; Rauque et al., 2011). It is an important food 

source for fish and bird species (Wilhelm et al., 2007; Webber et al., 2010; Rauque 

et al., 2011). Paracalliope fluviatilis can be found within the water column and it is 

considered a collector-gatherer that feeds on deposited organic matter and 

biofilms that can be found on submerged surfaces (Fenwick, 2001; Webber et al., 

2010). It also is host to at least three parasites, including C. parvum, M. poulini, 

and A. galaxii, with co-infections present.  Behaviour, survival, and fecundity 

have been shown to be influenced by the presence of these parasites (Rauque et 

al., 2011). Paracalliope fluviatilis individuals were also shown to have lower 

survival when infected with M. poulini, decreased mate pairing when infected 

with M. poulini or A. galaxii, and altered phototaxis when infected by A. galaxii, 

M. poulini with A. galaxii, and M. poulini with C. parvum (Rauque et al., 2011). 

Males have also been demonstrated to have higher rates of infection with 

M. poulini and A. galaxii than females, likely due to their greater activity levels 

(Rauque et al., 2011). Infection by these parasites likely has a large energetic cost 

(Rauque et al., 2011; Ruiz-Daniels et al., 2012) and impacts the ability of P. 

fluviatilis to compete and avoid predators, yet the extent of this impact is 

unknown.  

Paracorophium excavatum is a benthic, sedentary, burrow-dwelling 

amphipod (Ruiz-Daniels et al., 2012). It is larger than P. fluviatilis but can be 

found in the same locations (Ruiz-Daniels et al., 2012). This amphipod species is 

thought to be a filter feeder and is often found burrowing itself into the substrate 

(Hurley, 1954; Webber et al., 2010). Paracorophium excavatum is also host to at least 
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three parasites, including C. parvum, M. poulini, and H. spinigera. They have been 

previously reported to have a higher prevalence and abundance of C. parvum and 

M. poulini than P. fluviatilis (Ruiz-Daniels et al., 2012). Paracorophium excavatum 

also serves as host to H. spinigera, an energetically costly nematode (Lagrue and 

Poulin, 2008b; Ruiz-Daniels et al., 2012).   

Austridotea annectens is a benthic isopod found in fresh to brackish waters in 

coastal southern New Zealand (Dufour et al., 2007). It is known to host at least 

one parasite, M. poulini (Hansen and Poulin, 2005; Presswell et al., 2014). Males 

have been found to have a higher intensity of trematodes than females, likely due 

to a larger body size (Hansen and Poulin, 2005). Infected A. annectens have been 

suggested to be more active swimmers than uninfected individuals, however, 

there is no evidence that infection by M. poulini affects vertical position nor 

isopod survival (Hansen and Poulin, 2005). Austridotea annectens is found mostly 

on sandy substrate, often burrowing within the substrate, and it is primarily a 

benthic forager, even consuming conspecifics when encountered (Chadderton et 

al., 2003; Dufour et al., 2007). 

Austridotea lacustris is another benthic isopod found in fresh to brackish 

waters in coastal southern New Zealand (Dufour et al., 2007). There has been one 

recorded case of infection by M. poulini, showing that infections are possible but 

very rare in the ecosystem. (Presswell et al., 2014). Like its congeneric 

A. annectens, this isopod has been found to be omnivorous with some evidence of 

cannibalism (Dufour et al., 2007). Observation in the field has suggested that 

A. lacustris does not have much habitat overlap with A. annectens (Lagrue 2015, 

pers. comm.).  

Maritrema poulini, a microphallid trematode, uses birds, such as Mallard 

ducks (Anas platyrhynchos), as definitive hosts (Presswell et al., 2014). Eggs 

produced by adult worms inside a bird pass out with host faeces, and they are 

then accidentally ingested by the snail, Potamopyrgus antipodarum, which serves 

as the first intermediate host. After asexual multiplication within the snail, 
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infective stages (cercariae) are released in the water, where they seek their second 

intermediate host, which they penetrate and in which they encyst as 

metacercariae. These have been found in two isopod and two amphipod species 

(Presswell et al., 2014). The life cycle is completed when an infected amphipod or 

isopod is consumed by a suitable bird host (see Fig. 1.5).  

Coitocaecum parvum is a common freshwater trematode that uses fish, such 

as common bullies (Gobiomorphus cotidianus), as their definitive hosts (Lagrue and 

Poulin, 2007). The snail, Potamopyrgus antipodarum, serves as the first 

intermediate host (Hechinger, 2012). Most individuals follow a typical three-host 

trematode life cycle: sexual reproduction in the fish host, eggs passing out in 

faeces and later infecting snails, asexual multiplication in the snail, release of 

infective stages (cercariae) that infect amphipods to become metacercariae, and 

finally ingestion of infected amphipods by the fish. However, C. parvum is one of 

several species of trematodes that can facultatively drop the definitive hosts from 

their life cycle (Poulin and Cribb, 2002; Lagrue and Poulin, 2007). Coitocaecum 

parvum can produce eggs while they are in their amphipod intermediate host 

through progenesis (Poulin, 2001). Indeed, C. parvum cercariae infect and encyst 

in an intermediate host, where they can either stop growth and await ingestion 

by a fish or continue to grow and reach maturity precociously while still in the 

amphipod (Poulin, 2001; Lagrue and Poulin, 2007). Mature trematodes will then 

reproduce by self-fertilization and lay their eggs within the intermediate host 

(Holton, 1984; Poulin, 2001; Lagrue and Poulin, 2007). Progenesis dominates as 

the life cycle when fish are absent from a system or when C. parvum’s stay in an 

amphipod extends to a long period (Ruiz-Daniels et al., 2012). Progenesis is also 

most common in double infections or co-infection with A. galaxii or M. poulini 

(Lagrue and Poulin, 2008a). The presence of non-progenetic individuals was also 

found to increase amphipod mortality (Poulin, 2001; Lagrue et al., 2009). The 

effect of the non-progenetic parasites on the phenotype of theirs hosts may lead 

the host to experience higher predation rates  (Lagrue et al., 2009).  
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Figure 1.5 Example of a typical life cycle of a digenean trematode. A = adult trematode, E 
= egg, I = miracidium, S = sprorocyst (in the case of M. poulini), C = cercaria, 
M = metacercaria. Sketches of parasites by B. Presswell (Presswell et al., 2014). 

Acanthocephalus galaxii, an acanthocephalan parasite, uses fish as their 

definitive host, where reproduction occurs and eggs are passed out in host faeces 

(Hine, 1977). Amphipods get infected when accidentally ingesting the parasite’s 

egg (Hine, 1977; Rauque et al., 2011). Intensity of infection is typically only one 

per amphipod host, and it has been found to rarely co-infect with M. poulini 

(Lagrue and Poulin, 2008a). The life cycle is completed when an infected 

amphipod is eaten by a suitable fish host.  

Hedruris spinigera is a nematode parasite found in the amphipod 

P. excavatum (Ruiz-Daniels et al., 2012). Its definitive host is a fish, such as 

common smelt (Retropinna retropinna) and yelloweyed mullet (Aldrichetta forsteri,) 

to which it is transmitted by predation on infected amphipods (Luque et al., 

2010). It is much larger than both trematode parasites, and consequently more 

energetically costly to amphipods (Ruiz-Daniels et al., 2012). The presence of 
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H. spinigera in the same amphipod has been found to drastically reduce C. parvum 

egg production (Ruiz-Daniels et al., 2012). 

 

1.8 Overall objective 

The overall objective of the thesis will be to assess the role and strength of 

parasite mediation on interspecific interactions in a community of freshwater 

crustaceans. In order to gain a better understanding of the strength of parasite-

mediation within this community, my studies will scale up from the direct 

impacts of parasites on individual hosts, to parasite-mediation of interspecific 

interactions among hosts, and finally investigating community dynamics 

through the use of mesocosms to examine the role of parasites in shaping the 

community. 

 

Specific objectives:  

1. Compare the effects of parasites on behaviour, reproduction, and survival 

of Paracalliope fluviatilis, Paracorophium excavatum, and Austridotea annectens 

2. Test how parasites impact microhabitat use in isopod species, by 

quantifying their behaviour in the presence and absence of competition 

and parasites  

3. Investigate whether behavioural differences observed in infected isopods 

alter their vulnerability to predation by a dead-end predator 

4. Quantify how parasites affect overall community structure and dynamics 

in a multi-parasites, multi-hosts mesocosm experiment 

5. Assess how differences in temperature and parasite exposure affect 

community structure and dynamics in experimental mesocosms 
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1.9 Thesis structure 

The main data chapters, Chapters Two to Six, are prepared in manuscript 

style for submission to peer-reviewed journals. Chapters Two and Three are 

already published (as listed below) and Chapter Four is currently undergoing 

review. As such, there may be a small amount of overlap and repetition among 

chapters. I am the first author of these chapters, as I performed the research, 

analysed the data, and wrote the manuscripts, with the assistance and 

constructive criticism of my co-authors (see table below). In addition, one more 

study was carried out examining whether behavioural defence mechanisms 

explain different levels of trematode infections in congeneric hosts; it is included 

in the appendix as it relates to the thesis research and was completed in parallel 

with my doctoral research. This study was designed by S. Goellner and myself. It 

was carried out by S. Goellner, working under my direct supervision and with 

the assistance of our other co-author, C. Selbach. 

 

Chapter Content 
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Two Differential impacts of shared parasites on fitness components 
among competing hosts 
Published as: Friesen, O.C., Poulin, R. and Lagrue, C. (2017) Ecology 
and Evolution 7, 4682–4693. doi:10.1002/ece3.3062 

Three Parasite-mediated microhabitat segregation between congeneric 
hosts 
Published as: Friesen O.C., Poulin R. and Lagrue C. (2018) Biology 
Letters. 14, 20170671, doi: 10.1098/rsbl.2017.0671 

Four Parasite infection reduces predation risk by dragonfly larvae in 
crustacean prey 
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crustaceans  
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Submitted as: Friesen O.C., Goellner S, Poulin R & Lagrue C 2018; 
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Six Temperature stress on freshwater crustacean communities: can 
climate change alter how parasites mediate community structure? 
To be submitted as: Friesen O.C., Poulin R & Lagrue C 2018; Global 
Change Biology 

Seven General Conclusion 

Appendix Do behavioural defence mechanisms explain different levels of 
trematode infections in congeneric hosts? 
Published as: Goellner S, Selbach C, & Friesen OC (2018) Journal of 
Helminthology. doi: 10.1017/S0022149X18000299 
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2.1 Abstract 

Effects of parasites on individual hosts can eventually translate to impacts on 

host communities. In particular, parasitism can differentially affect host fitness 

among sympatric and interacting host species. I examined whether the impact of 

shared parasites varied among host species within the same community. 

Specifically, I looked at the impacts of the acanthocephalan 

Acanthocephalus galaxii, the trematodes Coitocaecum parvum and Maritrema poulini, 

and the nematode Hedruris spinigera, on three host species: the amphipods, 

Paracalliope fluviatilis and Paracorophium excavatum, and the isopod, Austridotea 

annectens. I assessed parasite infection levels in the three-host species and tested 

for effects on host survival, behaviour, probability of pairing, and fecundity. 

Maritrema poulini and C. parvum were most abundant in P. excavatum but had no 

effect on its survival, whereas they negatively affected the survival of 

P. fluviatilis, the other amphipod. Female amphipods carrying young had higher 

M. poulini and C. parvum abundance than those without, yet the number of young 

carried was not linked to parasite abundance. Behaviour of the isopod 

A. annectens was affected by M. poulini infection; more heavily infected 

individuals were more active.  Paracorophium excavatum moved longer distances 

when abundance of C. parvum was lower, yet no relationship existed with respect 

to infection by both M. poulini and C. parvum.  The differential effects of parasites 

on amphipods and isopods may lead to community-wide effects. Understanding 

the consequences of parasitic infection and differences among host species is key 

to gaining greater insight into the role of parasite mediation in ecosystem 

dynamics. 

2.2 Introduction 

Community structure and dynamics are affected by the direct interactions of 

competition and predation, as well as indirect interactions, such as trophic 
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cascades, keystone predation, and parasite mediation (Park, 1948; Holt and 

Pickering, 1985; Price et al., 1986; Hatcher and Dunn, 2011). Host responses to 

parasitism can vary widely and affect growth, behaviour, reproduction, aging, 

and ability to respond to stressful conditions (Brown and Pascoe, 1989; Cox, 2001; 

Thompson et al., 2001; Bedhomme et al., 2005; Thomas et al., 2009). The extent of 

these impacts can also vary greatly among hosts, both inter- and intraspecifically 

(Shaw and Dobson, 1995). These variations among and within host species may 

affect competition and predation dynamics, eventually impacting the structure of 

the entire community (Smith et al., 2009; Tompkins et al., 2011; Rauque et al., 

2011).   

Direct effects of parasitism on hosts can include alteration of feeding rates 

(Rivero and Ferguson, 2003), behaviour (Poulin, 1995; Thomas et al., 1998; Lefèvre 

et al., 2009), stress response (Brown and Pascoe, 1989; Bedhomme et al., 2005), 

survival (Lehmann, 1992) and ability to compete for resources (Park, 1948; Price 

et al., 1988). Parasites can also have direct effects on reproduction, through the 

total or partial castration of the host via gonad destruction or reduced energy 

stores needed for egg production (Rauque et al., 2011), or indirect effects through 

a reduction in pairing success or parental care (Read, 1988; Bollache et al., 2001; 

Lefèbvre et al., 2005; Rauque et al., 2011). Changes in host behaviour, even subtle, 

can, in turn, have community-wide repercussions (Poulin, 1995; Thomas et al., 

1998; Lefèvre et al., 2009). Behavioural modification can include changes in 

activity levels (Webster, 1994; Kunz and Pung, 2004; Leung and Poulin, 2006), 

position in the water column (Hansen and Poulin, 2005; Rauque et al., 2011), 

aggression (Mikheev et al., 2010), boldness (Reisinger et al., 2015), and photophilia 

(Bauer et al., 2000; Rauque et al., 2011). Alterations of host behaviour may lead to 

increased vulnerability to predation (Kunz and Pung, 2004) and reduced ability 

to compete for resources (Mikheev et al., 2010; Reisinger et al., 2015). 

Consequently, parasites may influence the outcome of competition among hosts 

and impact community dynamics.  
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Furthermore, different parasite species can vary greatly in their impacts on 

hosts. For instance, the pairing success of male Gammarus pulex amphipods was 

affected differently by infection with Pomphorhynchus laevis than with 

Polymorphus minutus, both acanthocephalan parasites (Bollache et al., 2001). Many 

parasite species are known to infect a variety of hosts, many of which may 

compete strongly with each other within their ecosystem. Differential impacts of 

parasites on competitors will affect their relative competitive abilities (Price et al., 

1986). As species vary in their susceptibility and tolerance to parasites, the 

presence or absence of parasite species may dictate the coexistence of species or 

the complete absence of a species within an ecosystem (Greenman and Hudson, 

2000; Hatcher et al., 2006). If two species are equal competitors, the presence of a 

parasite that infects only one of them may change this interaction. If the host is 

negatively affected by the parasite it may give the competitor the advantage. The 

more tolerant host may also be able to act as a reservoir for the parasites, 

maintaining a high level of parasitism within the system (Arneberg et al., 1998). 

To better understand the outcomes of competition and predation in the presence 

of shared parasites it is important to understand the different impacts parasites 

may have on particular hosts.  

Impacts of parasites on their hosts are usually studied in simple one 

parasite – one host species context. However, multispecies infections are not 

uncommon (Hughes and Boomsma, 2004; Pedersen and Fenton, 2007; Lagrue 

and Poulin, 2008a; Alizon et al., 2013; Thumbi et al., 2014; Lange et al., 2014). 

Furthermore, although each infection event is often independent, the presence of 

multiple parasite species within a host may have synergistic or antagonistic 

effects compared to the presence of one parasite alone (Lagrue and Poulin, 2008a; 

Alizon et al., 2013; Lange et al., 2014). However, the effects of diverse within-host 

parasite assemblages can often be very difficult to predict (Alizon, 2013). 

Interactions among parasites may affect their respective virulence and the 

survival of the host (de Roode et al., 2004; Balmer et al., 2009; Alizon, 2013; Lange 
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et al., 2014). The overall virulence of a combination of parasites can be higher than 

that of the most virulent parasite, lower than the least virulent one or reach some 

intermediate level (Alizon et al., 2013). Yet, despite the importance of interactions 

among shared parasites and multispecies infections, little is understood about 

how shared parasites may shape host communities.  

The objectives of my study were to examine the potential impacts of 

different parasite species on three species of host in the same community. I 

examined the effects of parasites on invertebrates used as intermediate hosts by 

four parasite species, all of which are transmitted trophically to their definitive 

host. Parasite effects on host fecundity, behaviour, and survival have been 

previously examined in one of the host species, the amphipod 

Paracalliope fluviatilis (Lagrue and Poulin, 2008a; Rauque et al., 2011). It serves as 

host to two trematode species, Coitocaecum parvum and Maritrema poulini, and the 

acanthocephalan Acanthocephalus galaxii. Coitocaecum parvum and A. galaxii use 

fish as definitive hosts while M. poulini is an avian parasite (MacFarlane, 1939; 

Hine, 1977; Presswell et al., 2014). Less is known about the impacts of these 

parasites on other hosts in the community. Additionally, potential effects of 

multiple infections are not well understood. Two other crustacean species are 

commonly found coexisting with P. fluviatilis and serve as hosts to some of the 

same parasites. Paracorophium excavatum, another amphipod, is larger than 

P. fluviatilis but they both occur in sympatry (Ruiz-Daniels et al., 2012). 

Paracorophium excavatum is host to three parasites, including the trematodes 

C. parvum and M. poulini, but also the fish nematode Hedruris spinigera (Luque et 

al., 2007, 2010; Lagrue and Poulin, 2008b; Ruiz-Daniels et al., 2012). The 

prevalence and abundance of C. parvum and M. poulini have previously been 

found to be higher in P. excavatum than in P. fluviatilis (Ruiz-Daniels et al., 2012). 

The isopod Austridotea annectens is also found in the same area and is an 

intermediate host for M. poulini (Hansen and Poulin, 2005; Presswell et al., 2014). 

Many of these parasites reach a relatively large size and/or abundance within 
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their hosts, suggesting potential impacts on host survival and behaviour (Rauque 

et al., 2011). My specific objectives were to (i) determine if parasite effects varied 

among hosts within the same community and (ii) test whether multispecies 

infections had synergistic or antagonistic effects compared to the presence of 

single parasite infection (Lagrue and Poulin, 2008a; Alizon et al., 2013; Lange et 

al., 2014). As these hosts are all competing for resources and share a variety of 

parasites, a better understanding of the impacts of parasitism on each host is 

necessary to understand how parasites affect population dynamics in this 

community.  

2.3 Methods 

Sample collection 

I collected samples of naturally infected amphipods and isopods from the littoral 

zone of Lake Waihola, South Island, New Zealand (46q01’14 S, 170q05’05 E) 

between February and September 2016. Sampling for survival tests occurred over 

three days, February 9, March 21, and May 1, 2016. Sampling for the behavioural 

tests occurred over three days, May 13, June 1, and September 6, 2016, due to 

seasonal variation in host abundance. Sampling for pairing behaviour occurred 

on March 21, 2016 for P. fluviatilis (as described below) but paired isopods were 

collected during the entire sampling period as they occurred far less frequently. 

Data on the size, sex, and the prevalence and abundance of parasites in each host 

species from each sample event were pooled for examination of intraspecific and 

interspecific variation. Animals were caught using dip-nets and transported to 

the laboratory in lake water. Amphipods and isopods were transferred and 

maintained separately by species in 10L tanks containing aerated lake water. 

Animals were kept at room temperature (14qC r 1qC) with aquatic plants 

(Myriophyllum triphyllum and Elodea canadensis) for food, and under a controlled 

photoperiod (12 hours dark and light).  
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All amphipods used in behavioural and fecundity trials were subsequently 

dissected within a week of collection as keeping these amphipods in the 

laboratory for long periods of time can affect amphipod survival (Poulin, 2003; 

Lagrue and Poulin, 2007; Lagrue et al., 2009). All isopods used in behavioural 

trials were dissected within a month of collection. If individuals did not die 

during trial, they were killed in 70% ethanol and rinsed in distilled water before 

dissection. In my study, prevalence was defined as the percentage of infected 

hosts, abundance was defined as the number of parasites per host including 

zeros, and mean abundance as the mean number of parasites among a specific 

sample of hosts.  

 

Survival tests 

Within six hours after sampling, 266 P. fluviatilis, 210 P. excavatum, and 390 

A. annectens were separated into individual wells of tissue culture plates. 

According to host size, P. fluviatilis were maintained in 96 well microplates with 

300μL of water per well, P. excavatum were maintained in 24 well plates with 

500μL of water per well, and A. annectens were kept in 12 well plates with 1mL of 

water per well. All individuals were maintained at the same temperature (14qC r 

1qC) and photoperiod (12 hours dark and light) but no food was added. Well 

plates were checked daily for any dead individuals. If a female released young, 

the number of young was recorded and they were removed from the well as they 

could have provided an additional food resource to the focal animal through 

cannibalism. If individuals could be dissected the same day, they were left in lake 

water. For dissection occurring more than 24 hours after death, the individuals 

were immediately preserved in 70% ethanol until dissection. The total body 

length of each individual was determined by measuring from the anterior tip of 

the cephalic capsule to the posterior end of the uropods. Sex was determined for 

each individual when possible. Isopods shorter than 7-8mm in body length were 

impossible to sex due to the lack of secondary sexual characters and were thus 
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considered juveniles. Egg presence and number were also recorded. Individuals 

were then dissected to identify and count parasites.  

 

Behavioural tests 

Amphipods and isopods were individually isolated (in wells of culture 

plates, as described above) within six hours of sampling and left for 12 hours to 

acclimate to their new environments. Individuals were subsequently filmed to 

record velocity and activity levels. Infection status of each individual was 

unknown during filming and subsequent video analysis. Fine sand was added to 

the wells of P. excavatum and A. annectens to simulate natural conditions as both 

species are benthic and may use sand to burrow. One hour prior to recording, 

plates were moved to the filming studio to allow the animals to adjust to the 

temperature (18qC r 1qC) and lighting changes. Paracalliope fluviatilis and 

P. excavatum were filmed for 5 minutes under a dissecting microscope (Olympus 

SZ61, 0.65x magnification) due to their small size. Well plates containing 

A. annectens were filmed for 5 minutes using a Canon digital camera (1200D). 

Activity levels (distance moved from centre (mm), mean velocity (mm/ms), 

highly mobile duration (more than 60% of the animal (measured by pixels 

altered) has moved within the sample period (0.05 seconds), which was then 

calculated as a proportion of the entire sample to give a measure of high speed 

movement), and mobile duration (more than 20% of the animal (measured by 

pixels altered) has moved within the sample period (0.05 seconds), which is then 

calculated as a proportion of the entire sample to give a measure of movement)) 

were calculated for each individual over 5 minutes using EthoVision XT (Noldus 

Information Technology, 2015). Male and female amphipods were combined as 

no difference in behaviour between sexes was observed (P. fluviatilis: distance 

moved from centre, Kruskal-Wallis Tests Z = 1.3, P = 0.19; mean velocity, 

Kruskal-Wallis Tests Z = 1.3, P = 0.19; highly mobile duration, Kruskal-Wallis 

Tests Z = 1.2, P = 0.23; and mobile duration, Kruskal-Wallis Tests Z = -0.93, P = 
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0.35; P. excavatum: distance moved from centre, Kruskal-Wallis Tests Z = -0.42, P = 

0.67; mean velocity, Kruskal-Wallis Tests Z = -0.40, P = 0.68; highly mobile 

duration, Kruskal-Wallis Tests Z = 0.58, P = 0.58; and mobile duration, Kruskal-

Wallis Tests Z =0.014, P = 0.99). 

 

Fecundity and pairing probability 

Offspring carried in the brood pouch of gravid females (from the survival 

and behavioural tests) were counted and recorded with their corresponding body 

length and parasite burdens. If any young were released during survival tests, 

the number of young was recorded and matched with the female’s 

corresponding parasite burden upon death. The parasite burden of females 

without any young was also compared to those with young to examine if a 

relationship existed between the probability of having young and a female’s 

parasite burden. 

Additionally, a subset of paired P. fluviatilis and A. annectens were identified 

and individually separated into tissue culture micro-test tubes within 12 hours of 

capture. The paired individuals consisted of a male clasping a female in a 

precopulatory pair (Sutcliffe, 1992). Non-paired individuals were also collected 

during the same sampling event and separated into individual tubes. 

Amphipods were dissected as described above within 24 hours of capture. 

Isopods were euthanised and preserved in ethanol and dissected as described 

above.  

 

Statistical analysis 

Statistical analyses were performed in JMP® 12 (SAS Institute Inc, 2015) and 

R statistical software (http://www.R-project.org). Size differences between sexes 

were examined using a Kruskal-Wallis Test. The relationship between host size 

and parasite abundance was assessed using Spearman correlations. Differences 

in parasite abundance and prevalence among host species and between sexes of 
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each individual parasite species were examined using a Kruskal-Wallis Test and 

contingency analysis, respectively. The relationship between either survival 

(days before death) or behavioural measures, and parasite abundance of 

C. parvum, M. poulini, A. galaxii, and H. spinigera, as well as multispecies 

combinations, was analysed separately for each host species using a negative 

binomial regression, with host size being included as an additional explanatory 

variable and their interactions when significant. Best-fit lines have been added to 

Figure 2.1 and 2.2 to illustrate the direction of relationship between parasite 

abundance and survival/behavioural measures but do not correspond to the 

actual statistical analysis. Logistic regression was used to relate parasite 

abundance with both the likelihood of being paired in P. fluviatilis and 

A. annectens by sex, and the probability of having young in female P. fluviatilis 

and P. excavatum.  The number of young carried by a female was related to its 

body size and parasite abundance using negative binomial regression. A 

relationship was considered significant if the p-value was ≤ 0.05 and considered a 

trend if the p-value was 0.05-0.10. All the assumptions of each test were met. 

2.4 Results 

Parasite prevalence and abundance varied greatly among host species (Table 2.1). 

The highest number of individual of M. poulini per host was 74 (in A. annectens), 8 

for C. parvum (in P. excavatum), and 1 for both A. galaxii (in P. fluviatilis) and 

H. spinigera (in P. excavatum). Multiple infections were found in both amphipod 

species, with C. parvum and M. poulini co-infecting 1.65% of P. fluviatilis and 

20.7% of P. excavatum, and M. poulini and H. spinigera co-infecting 3.7% of 

P. excavatum.  One P. excavatum (0.34%) was infected with three parasite species 

(C. parvum, M. poulini, and H. spinigera). Acanthocephalus galaxii was not found 

sharing the same individual host with any other parasites within my sample. The 

abundance and prevalence of M. poulini varied significantly among all hosts 

(abundance: Kruskal-Wallis Tests, F2 = 967, P < 0.0001; prevalence: Contingency  
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analysis, F2 = 1033.6, P < 0.0001), with the abundance being highest in 

P. excavatum and lowest in P. fluviatilis (Table 2.1). A synopsis of the key results of 

this study are summarized in Table 2.2.  

Amphipod sex ratio was approximately 3:1 females to males for P. fluviatilis 

and 2.5:1 females to males for P. excavatum. Isopod sex ratio was approximately 

1:1 among individuals that were large enough to be sexed. Size differences 

between sexes were found in P. fluviatilis (Kruskal-Wallis Test, Z = 12.68, 

P < 0.001) but not P. excavatum (Z = -0.47, P=0.64), or A. annectens (Z = -1.62, 

P = 0.10).  Sex and size were both related to parasite infection in P. fluviatilis. As 

observed in previous studies, abundance and prevalence of M. poulini (Kruskal-

Wallis Test, Z = 3.1, P = 0.002; Contingency analysis, F2 = 8.9, P=0.003) and 

A. galaxii (Kruskal-Wallis Test, Z = 6.3, P = 0.012; Contingency analysis, F2 = 5.3, 

P = 0.021) were higher in male than female P. fluviatilis (Rauque et al., 2011). 

However, no difference was found between males and females of P. fluviatilis in 

the abundance or prevalence of C. parvum (all P-values greater than 0.05). 

Paracalliope fluviatilis size was positively related to C. parvum abundance 

(Spearman U = 0.10, P = 0.0025) and multiple infection of C. parvum and M. poulini 

(Spearman U = 0.078, P = 0.019) but not related to A. galaxii or M. poulini 

abundance (all P-values greater than 0.05). Analysed separately, the size of 

female P. fluviatilis was positively related to C. parvum abundance (Spearman 

U = 0.11, P = 0.0044) but male size was not (Spearman U = 0.03, P = 0.63). 

Separating the sexes did not change the lack of relationship between size and the 

abundance of A. galaxii and M. poulini for females or males (all P-values greater 

than 0.05).  

In contrast, female P. excavatum had a higher abundance and prevalence of 

M. poulini (Kruskal-Wallis Test, Z=-2.24, P = 0.025; Contingency analysis, F2 = 5.76, 

P = 0.016) and tended to have a higher abundance of C. parvum (Kruskal-Wallis 

Test, Z=-1.70, P = 0.089; Contingency analysis, F2 = 2.59, P = 0.11) but not 

prevalence than males. Paracorophium excavatum size was positively related to 
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M. poulini abundance (Spearman U = 0.19, P = 0.0014). However, size was not 

related to H. spinigera abundance, C. parvum abundance, or multiple infections 

(all P-values greater than 0.05). Analysing the sexes separately, both male and 

female P. excavatum size is related to M. poulini abundance (females, Spearman U 

= 0.41, P < 0.001; males, Spearman U = 0.25, P = 0.021).  

Isopods were infected by M. poulini only. The abundance of M. poulini in 

A. annectens varied greatly between sexes, with males having the highest 

abundance, followed by females, and then juveniles (ANOVA, F2,441=95.24, P < 

0.001, Tukey’s HSD post-hoc test, all P < 0.001). Size was positively related to 

M. poulini abundance (Spearman U = 0.33, P < 0.001).  

 

Host survival and parasite infection 

The survival (i.e. number of days before death) of P. fluviatilis was 

negatively related to M. poulini and C. parvum abundance, and host size (Table 

2.3, Figure 2.1). There was no interactive effect between either parasite 

abundance and size (Table 2.3). Survival was not related to the abundance of 

A. galaxii. However, there was an interactive effect between host size and 

A. galaxii abundance (Table 2.3).  

No relationship was found between host survival and M. poulini, C. parvum, 

or H. spinigera abundance in P. excavatum (Table 2.3, Figure 2.1). Intriguingly, 

there was a positive relationship between M. poulini abundance and survival in 

A. annectens, as well as a relationship between host size and parasite abundance 

with an interactive effect between size and abundance (Table 2.3, Figure 2.1).  
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Figure 2.1 Relationship between Coitocaecum parvum (, solid line) and Maritrema poulini 
(⚫, dashed line) abundance (parasites per individual) and days of survival in all hosts, 
(a) Paracalliope fluviatilis (n = 266), (b) Paracorophium excavatum (n = 210), and (c) 
Austridotea annectens (n = 390). Regression lines represent the direction of relationships. 
All animals were collected from Lake Waihola, New Zealand between February-
September 2016.   
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Host behaviour 

The distance moved from the centre of the well by P. fluviatilis depended on 

the abundance of A. galaxii (Table 2.3). While all other measures of behaviour in 

P. fluviatilis (velocity, high mobile duration, and mobile duration) were 

unaffected by parasite abundance (A. galaxii, M. poulini, or 

C. parvum).  Paracalliope fluviatilis size did influence host behaviour, as larger 

hosts moved farther and had longer highly mobile durations (Table 2.3). 

In P. excavatum, the distance moved from the centre of the well plate was 

negatively related to the abundance of C. parvum with a significant interactive 

effect between host size and C. parvum abundance (Table 2.3). Additionally, 

individuals who spent more time highly mobile tended to have a lower 

abundance of C. parvum or to be smaller, with a trend towards an interactive 

effect between C. parvum and size (Table 2.3). Mobile duration (time spent 

moving) of P. excavatum was negatively related to size and tended to be 

positively related to M. poulini abundance with a trend towards an interactive 

effect between M. poulini abundance and size (Table 2.3). However, there was no 

relationship between or distance moved or high mobile duration and the 

abundance of M. poulini, H. spinigera, or size (Table 2.3). Mobile duration was not 

related to the abundance of A. galaxii, or that of C. parvum.  Velocity (mm/ms) 

was not related to the abundance of any parasite or size (Table 2.3). 

Mobile duration (time spent in motion) of A. annectens was negatively 

related to M. poulini abundance but not to host size, although there was a 

significant interaction effect (Table 2.3, Figure 2.2). High mobile duration was not 

related to M. poulini abundance, but it was related to size (Table 2.3).  No 

relationship was found between velocity (ms/s) or distance moved from centre 

and M. poulini abundance or size (Table 2.3).  
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Figure 2.2 Host behavior measures compared to parasite abundance; (a) distance 
moved from center versus the abundance of Coitocaecum parvum in Paracorophium 
excavatum (n = 84) (b) mobile duration (time moving) of individual compared to their 
Maritrema poulini abundance in Austridotea annectens (n = 63). All measures were 
taken during a 5-minute behavioral observation.  Regression lines represent the 
direction of relationships. All animals were collected from Lake Waihola, New 
Zealand between February-September 2016.   
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Fecundity and pairing probability 

A subset of 141 P. fluviatilis had young (mean r SE, 3.6 r 0.16 per female). 

The number of young carried was not related to either M. poulini or C. parvum 

abundance (all P-values greater than 0.05). The number of young carried was 

positively related to amphipod size (Z = 5.6, P > 0.001), with larger females 

carrying more young. There was no relationship between multispecies infection 

abundance, i.e. C. parvum with M. poulini, and the number of young (Z = 0.065, 

P = 0.95).  

I found a higher abundance of M. poulini (logistic regression, F2 = 17.1, 

P  < 0.001) and C. parvum (F2 = 4.2, P = 0.04) in female P. fluviatilis with young 

(Figure 2.3). Consistently, the prevalence of M. poulini was higher in females with 

young (Contingency analysis, F2 = 21, P < 0.0001). However, the prevalence of 

C. parvum was higher in females without young (F2 = 8.8, P = 0.0031). There was 

no relationship between the presence of young and A. galaxii or multispecies 

infection abundance or prevalence (all P-values greater than 0.05). There was a 

relationship between the size of a female P. fluviatilis and the likelihood of having 

young (F2 = 38, P < 0.001), with the mean size of females with young (1.8 r 0.024 

mm) being significantly smaller than those without (2.1 r 0.025 mm).   

A subset of 71 P. excavatum had young (mean = 6.24 r 0.01). The number of 

young P. excavatum carried was not related to the abundance of H. spinigera, 

M. poulini, C. parvum, or female size, and there was no interactive effect (all P-

values greater than 0.05). Females with a higher abundance of C. parvum (F2 = 4.0, 

P = 0.046) and M. poulini (F2 = 4.7, P = 0.031) were more likely to have young 

(Figure 2). However, I found no relationship between the abundance of 

H. spinigera and the likelihood of having young in P. excavatum (logistic 

regression, F2 = 1.4, P = 0.24; Figure 2.3). There was no relationship between 

multispecies infections by C. parvum with M. poulini (F2 = 1.2, P = 0.27), however 

there was a trend of higher abundance of H. spinigera and M. poulini in 

P. excavatum without young than those with young (F2 = 3.1, P = 0.076).  I was  
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Figure 2.3 Differences in parasite abundance (mean r SE) between amphipods with 
young (open bars) or without (filled bars) present in (a) Paracalliope fluviatilis and (b) 
Paracorophium excavatum. All animals were collected from Lake Waihola, New Zealand 
between February-September 2016.  * Negative binomial regression, P < 0.05, N.S. not 
significant for difference in abundance. Sample sizes shown inside key. 
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unable to examine any relationships between the fecundity of A. annectens  

and the abundance of M. poulini due to a low sample size.  A sample of paired 

and unpaired P. fluviatilis (Table 2.4) was used to examine potential parasite 

effects on the likelihood of pairing in both sexes. The abundance of A. galaxii was 

higher in paired females than unpaired females (Table 2.4). Additionally, the 

prevalence of C. parvum was higher in non-paired females compared to paired 

females (Table 2.4). No other differences were found in parasite abundance 

between paired and unpaired female and male P. fluviatilis (including multiple 

infections, Table 2.4).  

Paired and unpaired A. annectens were used to examine the possible 

influence of parasites on the likelihood of pairing. No difference in M. poulini 

abundance was found in either males or females between paired and unpaired 

individuals (Table 2.4). However, there was a trend for a higher prevalence of 

M. poulini in paired male isopods compared to non-paired individuals (Table 2.4).  
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2.5 Discussion 

Understanding impacts of shared parasites on a variety of sympatric host species 

is necessary for making predictions on the potential role of parasites in ecosystem 

structure and functioning. I found that the impacts of parasites varied among 

host and parasites species within my study community. Survival rates varied 

among amphipods, with one showing a reduced lifespan when infected by either 

of the two shared parasites, whereas survival of the other amphipod species was 

not affected. I also found evidence that when a host species is infected by 

multiple parasites, the effects of each parasite may have been antagonistic to one 

another, with a net neutral effect on the host.  

Infection levels varied among hosts within the community. Paracorophium 

excavatum had higher abundance of M. poulini than P. fluviatilis (Table 2.1), which 

is consistent with previous studies (Ruiz-Daniels et al., 2012; Presswell et al., 

2014). Variation in host size or other biological characteristics may lead to these 

differences (Saad-Fares and Combes, 1992; Grutter and Poulin, 1998; Johnson et 

al., 2005; Ruiz-Daniels et al., 2012). Paracorophium excavatum is a larger amphipod 

that has a more benthic habitat than P. fluviatilis as it is often found burrowing in 

the sand. However, I only found a positive correlation between the size of 

P. excavatum and one species of parasite, contrary to previous studies (Ruiz-

Daniels et al., 2012; Presswell et al., 2014). The lack of difference in prevalence and 

abundance of C. parvum between amphipod species may have been due to the 

low overall abundance and prevalence of C. parvum within the community, 

making it more difficult to detect any effect of this parasite on its hosts. 

Additionally, as discussed more thoroughly below, I found no relationship 

between the abundance of M. poulini and the survival of P. excavatum, suggesting 

that interspecific differences in abundance between the two amphipods may be 

due to higher parasite-induced mortality in P. fluviatilis following infection 

and/or parasite accumulation.  



Chapter 2: Direct impacts of parasites 

 -48- 

The impact of parasites on survival varied among the three host species. 

The amphipod P. fluviatilis was shown to have reduced survival when infected 

with both C. parvum and M. poulini (Table 4, Figure 1). Individuals with 

multispecies infections also had a lower survival than individuals with no 

parasites. Reduced survival incurred by hosts may be due to energetic costs of 

infection. It has been previously suggested that the negative effect of M. poulini 

on P. fluviatilis is a direct consequence of high parasite abundance (as 

Microphallus sp. in Rauque et al., 2011). My results suggest that parasite-induced 

mortality may influence differences in parasite abundance between amphipod 

species rather than size differences between the two host species. Paracorophium 

excavatum survival was not impacted by the abundance of any of its three 

parasites (Table 2.4, Figure 2.1). The stark contrast in response to similar parasites 

by the two amphipod species may be due to a difference in the virulence of the 

parasite between hosts as documented in several studies (Park, 1948; Thomas et 

al., 1995; Jensen et al., 1998). The positive relationship between M. poulini 

abundance and survival in A. annectens was surprising although it may be an 

effect of host size (Table 2.4, Figure 2.1). The abundance of M. poulini in this 

isopod may be directly linked to exposure over time and as age is linked to size a 

relationship between both is not surprising. Additionally, larger individuals may 

be able to survive longer, due to a higher resource base to draw upon, therefore 

creating the appearance of a positive relationship between parasite abundance 

and survival.  

Hosts exhibited different behavioural responses related to the abundance of 

parasites.  Interestingly, P. fluviatilis only demonstrated behavioural changes 

when infected with A. galaxii. I did not observe behavioural effects of the other 

parasite species as seen in a previous study (Rauque et al., 2011), and 

observations of parasite-induced behavioural modification in this amphipod 

species have been mixed (Poulin, 2001). The inconsistency with the first study 

could be due to the behavioural aspects measured (phototaxis versus activity 
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levels) (Rauque et al., 2011). In contrast, P. excavatum movement decreased when 

infected with an increasing abundance of C. parvum (Table 2.4, Figure 2.3). 

Interestingly, this relationship disappears when the host is co-infected with 

M. poulini, suggesting an antagonistic relationship, rather than the additive effect 

of parasites that is often assumed. Previous studies have shown a similar trend, 

with photophilia increasing with C. parvum and A. galaxii infection but negated 

by co-infection with M. poulini (Table 2.4), possibly due to a subtle manipulative 

effect being imparted by M. poulini (Rauque et al., 2011). The negative 

relationship between movement and abundance of C. parvum appears non-

adaptive for the parasite, as increased movement can increase risk of predation, 

allowing C. parvum to be passed on to its fish definitive host, mainly the common 

bully (Gobiomorphus cotidianus). The common bully can use non-visual methods, 

such as olfactory, tactile, or lateral-line prey detection, to find prey and the lack 

of movement in P. excavatum may allow them to avoid being depredated by this 

fish (Rowe, 1999; Rowe et al., 2001). The decrease in activity levels may be due to 

reduced energy available due to parasite infection.  

Parasites had intriguing impacts on the fecundity and probability of pairing 

in the various hosts. Female P. fluviatilis and P. excavatum carrying young had a 

higher abundance of M. poulini. Previous studies have indicated that 

‘handicapped’ P. fluviatilis females, i.e. with artificially impaired swimming 

performance, were more likely to be paired (Sutherland et al., 2007), and therefore 

females with parasites may also have been easier to pair with, explaining the 

higher likelihood of having young in females with a higher parasite abundance. 

However, the abundance of both C. parvum and M. poulini was not linked with 

the probability of male or female P. fluviatilis being found in pairs, contrary to 

previous studies (Rauque et al., 2011). An alternative hypothesis may suggest that 

females may choose to invest more into reproduction while infected, therefore 

more infected female amphipods would be carrying young (Agnew et al., 2000). 
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However, we did not find any relationship between the number of young carried 

and the abundance of any parasites.  

Multispecies infections have important implications for the fitness of 

individuals and the dynamics of populations. In my study community, the two 

amphipods had quite different levels of co-infection, with P. fluviatilis quite low 

in comparison with P. excavatum. My results suggest that these multispecies 

infections may be more important in P. excavatum as it appears that co-infection 

of M. poulini with C. parvum eliminates any behavioural shift by P. excavatum. It 

has been suggested that M. poulini may have a greater effect on hosts than 

A. galaxii and C. parvum and therefore may overwhelm their subtle effects 

(Rauque et al., 2011). This may be what is occurring in P. excavatum as individuals 

infected by C. parvum alone move longer distances. Additionally, when 

examining the probability of having young in female amphipods relative to 

parasite abundance, I found no difference when a multispecies infection of 

M. poulini and C. parvum was present, suggesting there may be an antagonistic 

relationship between parasites, cancelling out the effects of infection by either 

one alone. Alternatively, there were few females with young harbouring 

multispecies infections, suggesting that if there was a difference in relationship 

between mixed infections and fecundity it may be difficult to detect. My results 

are consistent with other studies examining co-infections in amphipods; for 

example, co-infected Gammarus pulex showed a mixed response compared to 

individuals with single-species infections (Cézilly et al., 2000). As multispecies 

infections are more common in P. excavatum than P. fluviatilis and appear to 

potentially be more important to the impacts of parasites on this host species, 

these co-infection effects may have impacts on the host population overall.  

My study was based on natural infections rather than an experimental 

approach thus limiting my interpretations, as we cannot directly address 

causality or the direct mechanisms of these interactions. However, if combined 

with what is known of the mechanistic bases of parasite-induced host 
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modifications (see Introduction section), it remains a strong approach for 

examining the effects of parasites on their hosts (Poulin, 2001).   

Interestingly, the effects of parasites on survival and behaviour varied 

greatly between amphipod hosts. Not only does P. excavatum have a much higher 

abundance and prevalence of M. poulini but there appears to be no decreased 

survival with a high abundance of either trematode parasite (Table 2.2). If 

P. fluviatilis and P. excavatum are competing for the same resources, this may give 

P. excavatum an advantage. A more tolerant host, such as P. excavatum, may also 

be able to act as a reservoir for the parasites, maintaining a high level of 

parasitism within the system (Arneberg et al., 1998). This may increase infection 

risk for P. fluviatilis with possible consequences for behaviour, reproduction 

and/or survival. The more tolerant species may become the stronger competitor 

within the ecosystem, and thus the parasite could mediate the interaction 

between the two hosts and alter the outcome of competition (Greenman and 

Hudson, 2000).   

Variation in how parasites affect their different host species has the 

potential to have community-wide effects. As my species vary in their 

susceptibility and tolerance to parasites, the presence or absence of a parasite 

species within a system may dictate the coexistence of species or the extirpation 

of a particular species (Begon et al., 1992; Greenman and Hudson, 2000; Hudson 

et al., 2006b; Hatcher et al., 2006). The differential effects on amphipods and 

isopods may lead to community-wide effects. Understanding the consequences 

of parasitic infection and differences between host species is key to gaining 

greater insight into the role of parasite mediation in ecosystem dynamics. 
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3.1 Abstract 

Parasite-mediated competition can be a significant force shaping community 

structure and host distribution in ecosystems. Non-lethal effects of parasites have 

the potential to influence the outcome of important direct interactions including 

competition and predation. If two closely related host species compete for space 

and other resources, a shared parasite may impact competition outcomes and 

eventually influence species distribution and population structure. I tested the 

role of the trematode parasite, Maritrema poulini in mediating microhabitat use by 

two congeneric isopods, Austridotea annectens and Austridotea lacustris. Although 

both species of isopod share food and habitat preferences, they rarely co-occur in 

the same discrete microhabitats in the field. I set up multiple microhabitats in the 

presence and absence of competition and parasites to examine the potential role 

of parasites in host distribution and habitat segregation. Austridotea annectens 

showed a clear preference for one habitat type regardless of competition or 

parasitic infection. In contrast, A. lacustris showed little habitat selection in the 

absence of competition. However, A. lacustris favoured sandy habitats in the 

presence of its uninfected congener A. annectens and rocky habitats when in 

competition with infected A. annectens. The abundance of M. poulini did not 

appear to influence habitat selection of A. annectens. My results suggest that 

parasites in one isopod species may affect the distribution of another isopod 

species in nature, and therefore mediate the outcome of competition between 

these two closely related species. I thus demonstrated the potential impacts of a 

parasite on the microhabitat use of its host’s competitor. This also represents an 

example of a super-extended phenotype, where a parasite affects the phenotype 

of a non-host.  The use of different habitats by the isopods, mediated by 

parasites, may alter their resource use, and increase their risk of predation and/or 

desiccation. 
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3.2 Introduction 

Community structure and species distributions are shaped by a variety of abiotic 

and biotic factors. Among the numerous biotic processes that can shape 

communities, competition and predation are recognized as two of the most 

important interactions. Parasite-mediation of these interactions can modify their 

outcome and become a critical force in shaping community structure in 

ecosystems (Park, 1948; Dobson, 1988; Hudson and Greenman, 1998; Tompkins et 

al., 1999, 2000; MacNeil and Dick, 2011). Host phenotypes altered by parasites 

may have indirect consequences, including changes in foraging, mating 

behaviours, habitat preferences, and predator avoidance (Minchella and Scott, 

1991; Poulin, 1999; Hutchings et al., 2001; Koprivnikar et al., 2008; Lefèvre et al., 

2009). Consequently, non-lethal effects of parasitic infections have the potential to 

influence the outcome of important direct interactions such as competition and 

predation, and ultimately species distribution and community composition 

(Mouritsen and Poulin, 2005; Pegg et al., 2015). 

Competition mediated through a shared parasite may have a variety of 

consequences (Price et al., 1986; Hudson and Greenman, 1998; Greenman and 

Hudson, 2000). Apparent competition may occur between species that share a 

parasite, creating indirect competition between the two hosts (Park, 1948; 

Hudson and Greenman, 1998). Variability in vulnerability to parasites can result 

in a less resistant species becoming exposed to higher infection levels, potentially 

reducing its ability to compete and making it more vulnerable to predation. The 

resistant host species may become the stronger competitor within the ecosystem, 

the parasite having mediated the competitive interaction between the two hosts 

and altered both its outcome and the risk of predation of one host over the other 

(Greenman and Hudson, 2000). Parasite-mediated competition can also impact 

resource competition when two species compete over food or space (Park, 1948; 

Hudson and Greenman, 1998; Greenman and Hudson, 2000). 



Chapter 3: Parasite mediated microhabitat use 

 -56- 

Parasite-induced differences in competitive ability can ultimately affect 

competition for resources and/or direct antagonistic interactions, leading one 

species to exclude its competitor from particular areas within the community. 

Exclusion from prime habitats may have consequences in terms of access to food 

resources and predation avoidance (Fine, 2015).  Although some studies have 

demonstrated the importance of parasites in direct competition between species 

(Grosholz, 1992; Holt and Lawton, 1994; Jaenike, 1995; Thomas et al., 1995; Yan et 

al., 1998), fewer have examined the more subtle indirect effects of parasites on 

host phenotypes and the consequences for interspecific competition (Tompkins et 

al., 2000, 2001). 

Closely related species are often susceptible to the same parasites, yet 

prevalence and virulence of infections may vary among host species (Park, 1948; 

Thomas et al., 1995; Yan et al., 1998; MacNeil et al., 2003b). In New Zealand 

freshwater ecosystems, the two isopod species, Austridotea annectens and 

Austridotea lacustris often co-occur and are both hosts to the trematode parasite 

Maritrema poulini, yet the prevalence and intensity of infection are quite different 

between the congeneric species (Presswell et al., 2014). Maritrema poulini, a 

microphallid trematode, uses waterfowl as definitive host (Presswell et al., 2014). 

Eggs produced by adult worms pass out with host faeces and they are ingested 

by the snail, Potamopyrgus antipodarum, the first intermediate host. After asexual 

multiplication within the snail, cercariae are released in the water, where they 

seek their second intermediate host, a crustacean such as an isopod or amphipod, 

in which they encyst as metacercariae. The life cycle is completed when the 

infected crustacean host is consumed by the avian definitive host. Generally, 

M. poulini has a very high prevalence in A. annectens versus <1% in A. lacustris; 

local and temporal variations in infection levels are observed in A. annectens. 

Infection intensity is also much higher, usually an order of magnitude, in 

A. annectens than A. lacustris (Chapter 2; Presswell et al., 2014; Friesen et al., 2017). 

 



Chapter 3: Parasite mediated microhabitat use 

 -57- 

Interestingly, although both species of isopod have similar body sizes, share 

food preferences and predators, it is very uncommon to find them occupying the 

same discrete microhabitats in the field (Dufour et al., 2007). Austridotea lacustris 

tends to occupy rocky habitats along the shore line (Chadderton et al., 2003; 

Dufour et al., 2007), where hiding from potential predators may be easier but 

food is more scarce and they are more vulnerable to desiccation due to variation 

in water levels from tidal influxes (Schallenberg et al., 2003). In contrast, 

Austridotea annectens is mostly found on sandy substrate, where it is not only 

exposed to more predators but also to other competitor species, such as 

amphipods (e.g., Paracalliope fluviatilis and Paracorophium excavatum), which are 

also hosts to M. poulini (Chapter 2; Rauque et al., 2011; Friesen et al., 2017). 

Although the two isopods co-occur within one metre of each other, their 

striking small-scale segregation by microhabitat types raises questions 

surrounding the factors responsible. The role of parasitism in use of habitat space 

and competition between these two species is a likely influential factor. I 

hypothesise that parasitism drives habitat use and competition between these 

species. I experimentally tested this hypothesis by quantifying isopod behaviour 

in the presence and absence of competition and parasites and use my results to 

propose the novel concept of a parasite’s super-extended phenotype. 

3.3 Methods 

Study area 

Lake Waihola, South Island, New Zealand (46q01’14 S, 170q05’05 E) is a medium 

sized, shallow (mean depth 1.15 m) and tidal (mean tidal range 0.4 m) coastal 

lake with a diverse invertebrate community (Schallenberg et al., 2003; Lagrue et 

al., 2015). The shoreline varies between large boulder areas, stretches covered 

mostly by rocks, and sandy regions with abundant macrophyte cover. Parts of 

the shoreline are exposed to air for several hours twice daily due to tidal changes 

in the lake, increasing the risk of desiccation for individuals caught in these areas 
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during low tides. However, due to the structure of the shoreline, some of these 

areas may provide pockets of moist sediment under rocks during low tide and 

protection from potential predators, such as fish and waterfowl.  

 

Sample collection 

I collected naturally infected isopods (A. annectens and A. lacustris) from the 

shoreline of Lake Waihola. Individuals of both species were obtained between 

August 2016 and March 2017, and always maintained in laboratory tanks for a 

week prior to trials. Additional A. annectens were collected in November 2016 to 

establish a laboratory population. Female A. annectens carrying eggs were 

isolated and their young grown for three months. As A. annectens has a natural 

prevalence of M. poulini close to 100%, a laboratory population was needed to 

ensure a supply of parasite-free individuals. Laboratory conditions matched lake 

conditions as close as possible (food, substrate, and water from the sampling site 

and containing natural chemical cues; etc.). Additionally, field-caught 

individuals were also maintained in laboratory tanks under the same conditions 

for a week before trials. Observations prior to experiments strongly indicated 

that field-caught and laboratory-reared individuals behaved similarly in terms of 

speed of movement, time spent hidden/under cover versus exposed, etc., as well 

as having similar mortality rates  

Contrary to previous reports (Chadderton et al., 2003; Dufour et al., 2007), 

the abundance and biomass of A. lacustris were consistently lower than that of 

A. annectens within the macroinvertebrate community of Lake Waihola, with a 

mean density of 165 individuals/m2 for A. annectens versus 37 individuals/m2 for 

A. lacustris at my sampling site (data from 2012–2013) (Lagrue et al., 2015). 

Isopods were caught using dip-nets and transported to the laboratory in lake 

water. They were maintained separately by species in 10L tanks containing 

aerated lake water. Animals were kept at room temperature (16qC r 1qC) with 

aquatic plants (Myriophyllum triphyllum and Elodea canadensis) for food, and under 
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a controlled photoperiod (12 hours dark and light). At the end of each trial all 

isopods were killed in 70% ethanol and rinsed in distilled water before 

dissection. In my study, prevalence was defined as the percentage of infected 

hosts, parasite abundance as the number of parasites per host including zeros 

(i.e. uninfected hosts).   

 

Mesocosm trials 

I allocated my trial mesocosms to five treatments. Three treatments 

consisted of a single species: uninfected A. lacustris, uninfected A. annectens, or 

infected A. annectens. Two were competitive treatments with both isopods 

together, one with infected A. annectens and one with uninfected A. annectens. As 

we found no infected A. lacustris, we had no mesocosms with infected 

individuals of this species. Attempts to experimentally infect A. lacustris with 

M. poulini by exposure to cercariae also proved unsuccessful (Appendix 1; 

Goellner et al., 2018).  Due to availability of individuals, treatments had uneven 

numbers of replicates: three were parasite-free lab-raised A. annectens alone, eight 

were parasite-free lab-raised A. annectens and field-caught A. lacustris, 17 were 

field-caught parasitized A. annectens alone, 21 were field-caught parasitized 

A. annectens and A. lacustris, and 14 were field-caught A. lacustris alone. 

Each mesocosm had six size-matched individuals, either of the same species 

or half of one species and half of the other, depending on treatment; densities 

were kept close to natural densities of A. annectens in the field (see above). As sex 

could not be determined prior to dissection, I attempted to maintain an even sex 

ratio in each replicate based on size alone (Chapter 2; Friesen et al., 2017). We 

size-matched all isopods in a given replicate to control for any potential effects of 

body size on microhabitat choice. Each mesocosm consisted of an opaque plastic 

tank (470 mm by 290mm by 130mm) with two microhabitats, one made of sand 

and medium rocks (each approximately 10mm by 5mm by 2mm), and the other 

of sand, medium rocks, and large rocks (approximately 80-150mm by 40-100mm 
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by 30-60mm) (Figure 3.1). Large rocks were collected from the isopods’ natural 

habitat and dried prior to use in the trials. All mesocosms were filled with 

aerated lake water and uncovered throughout the trials. Individuals were placed 

in each habitat and allowed to move freely for six days. Commercial fish food 

(aquaculture feed pellets, Reliance Stock Foods, New Zealand) was added at the 

beginning of the trial to reduce the possibility of cannibalism. Food was 

distributed evenly throughout the mesocosm through the action of the bubblers 

used for aeration. At the end of the trials, all individuals were removed, with 

their final location (on rocks, on sand, or under sand) recorded. Although 

isopods exhibit some movement in search of resources, most of the time 

individuals of these species consistently re-settle on or very near their prior 

location. Thus, their final location is a reliable indicator of habitat choice. Each 

individual was measured, and dissected to verify sex (Chadderton et al., 2003; 

Friesen et al., 2017), size, infection status, and parasite abundance. Treatment 

types were re-evaluated after dissection to ensure their classification was correct. 

If a parasitized individual was found in a mesocosm during dissections, this 

mesocosm was placed in a treatment with parasitized individuals. A mesocosm 

was only considered to be parasite free if no individual contained parasites.  

 
Figure 3.1 Mesocosm set up for each treatment. Each mesocosm was constructed in an 
opaque plastic tanks with two microhabitats, one with sand and medium rocks and the 
other with sand, medium rocks, and large rocks 

 

Fine sand, few 
medium rocks

Large rocks, 
medium rocks, 
with fine sand 
under layer
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Statistical Analysis  

Statistical analyses were performed in JMP® 12 (SAS Institute Inc, 2015) and 

R statistical software (http://www.R-project.org). Using contingency analysis, I 

compared the frequency of final locations between treatments (as a predictor). 

The relationship between the abundance of M. poulini in A. annectens (predictor 

variable) and the final location of the isopods was examined using a logistic 

regression. I tested for potential differences in parasite abundance and host size 

between mesocosms in the same treatment using analysis of variance (ANOVA, 

with treatment as the predictor). The relationship between the final location of 

individuals and their size in each treatment was examined using logistic 

regression. I used contingency analysis to examine if parasite prevalence 

influenced final location. Differences in sex ratio between mesocosms within the 

same treatment were assessed using a contingency analysis, with treatment as the 

predictor variable.  All the assumptions of each test were met. 

 

3.4 Results 

A total of 334 isopods (184 A. annectens, 150 A. lacustris) out of 378 survived the 

trials. Prevalence of M. poulini in field A. annectens was 86% with a mean 

abundance (r SE) of 7.9 r 0.7. Maritrema poulini was absent in A. lacustris. 

The final location of A. annectens did not vary among any of the treatments 

and individuals showed a preference for being under the sand in all treatments 

(Figure 3.2a). Lab-raised and field-caught isopods of this species exhibited the 

same behaviour. In treatments with and without competition, uninfected 

A. annectens preferred to be under the sand, a strong tendency which did not 

differ between treatments (Contingency Analysis, df = 2, F2 = 2.8, P = 0.25). In the 

absence of competition, both infected and uninfected A. annectens preferred to be 

under the sand (df = 2, F2 = 2.4, P = 0.30). In treatments with competition, there 

was also no difference in microhabitat selection between infected and uninfected 



Chapter 3: Parasite mediated microhabitat use 

 -62- 

A. annectens (df = 2, F2 = 0.38, P = 0.14). Finally, there was no difference between 

treatments with uninfected A. annectens under competition and the treatment 

with only infected A. annectens (df = 2, F2 = 0.87, P = 0.65).  

The final location of A. lacustris varied among treatments, particularly 

between competition trials with infected versus uninfected A. annectens (Figure 

3.2b). Under competition, the final location of A. lacustris varied depending on 

whether or not A. annectens individuals were infected (Contingency analysis, df = 

2, F2 = 7.1, P = 0.029); A. lacustris preferred rocky substrate when in competition 

with infected A. annectens, whereas they preferentially buried under sand when 

competing with uninfected individuals. The final location of A. lacustris did not 

vary between treatments with competition with uninfected A. annectens and 

A. lacustris alone (df = 2, F2 = 2.1, P = 0.34), although A. lacustris seemed to equally 

prefer rocks and sand in the absence of competition. Additionally, there was no 

difference in final location between treatments with competition with infected 

A. annectens compared to treatments where A. lacustris was alone (df = 2, F2 = 3.1, 

P = 0.21). 

Austridotea annectens showed a preference for habitat beyond random 

selection in all treatments (Chi-squared analysis, all P < 0.001). Post-hoc analysis 

revealed sand was the preferred habitat in all treatments (Chi-squared analysis, 

all comparisons between sand and rock or sand and on sand, P < 0.001; all other 

combinations, P >0.05). Austridotea lacustris also showed a preference for habitat 

beyond random selection in all treatments (Chi-squared analysis, all P < 0.001). 

Post-hoc analysis revealed a preference for rocks or under sand in the absence of 

competition and parasites (rocks versus on sand, F2 = 20.8, P < 0.001, on sand 

versus under sand, F2 = 22.7, P < 0.001). A preference for under sand was seen in 

the absence of parasites but presence of competition (rocks versus under sand F2 = 

3.9, 0.05 > P > 0.02, on sand versus under sand, F2 = 12.3, P < 0.001). Finally, 

A. lacustris preferred rocks compared to sand (rocks versus on sand F2 = 28.9, P < 

0.001, rocks versus under sand, F2 = 5.1, 0.05 > P > 0.02).  
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Figure 3.2 Frequency of isopods, (a) Austridotea annectens and (b) Austridotea lacustris in 
specific final locations in the presence or absence of competition and parasites. Sample 
size for each group is given above each bar.  
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The final location of A. annectens was unrelated to the abundance and 

prevalence of M. poulini (Logistic regression, df = 2, F2 = 0.60, P = 0.74; 

Contingency analysis, df = 2, F2 = 0.63, P = 0.73; Figure 3.3). The lack of 

relationship between final location and parasite abundance was consistent in the 

presence and absence of competition (no competition: df = 2, F2 = 0.94, P = 0.63; 

competition: df = 2, F2 = 0.49, P = 0.48). There were no differences in mean 

abundance of M. poulini between mesocosms in each treatment (ANOVA, no 

competition: F16,66 = 1.3, P = 0.22; competition: F22,40 = 0.73, P = 0.78) 

 

 
Figure 3.3 Mean abundance (± S.E.) of Maritrema poulini based on location and 
competition in Austridotea annectens. Sample size is indicated at the bottom of each bar. 

 

The final location of the isopods only varied among mesocosms of the same 

treatment when A. lacustris was alone (Contingency analysis, F2 = 47.5, P = 

0.0013). In all other treatments, the final location of either A. annectens or 

A. lacustris did not vary significantly among replicates (all P-values > 0.05). As 
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there was little variation within each treatment, they were combined for further 

analysis.  

The final location of the isopod was not related to the sex of the individual 

in either A. annectens or A. lacustris in any treatment (Contingency analysis, all P-

values > 0.05). In treatments of infected A. annectens alone, the sex ratios varied 

among mesocosms (F2 = 94.0, P < 0.0001). However, there was no difference in sex 

ratio among mesocosms within any other treatments of A. annectens or A. lacustris 

(all P-values > 0.05). Mortality (number of individuals per mesocosm that died 

over the course of the trials) was not related to mesocosm type (Kruskal-Wallis, 

F2 = 5.24, P = 0.26). 

The final location was not related to the size of the individual in either 

A. annectens or A. lacustris in any treatment (Logistic regression, all P-values > 

0.05). The size of infected A. annectens varied among mesocosms within the 

treatment where this species was alone (ANOVA, F16,66 = 9.2, P < 0.0001) and in 

competition (F16,66 = 3.1, P = 0.0009). However, there was no significant variation 

in size in any other treatments (all P-values > 0.05). The size of A. lacustris varied 

among mesocosms without competition (ANOVA, no competition: F11,50 = 4.7, P < 

0.001) but not in other treatments (all P-values > 0.05). 

I compared mesocosms that were originally classified as infected but had at 

least one individual that was not infected with others in the same treatment. We 

found 8 situations like this in both the treatment with and without competition. 

There was no difference in final location choice by A. annectens between infected 

treatments with some non-infected hosts and those with all infected hosts (Chi-

Square, P > 0.1). Further, there was no difference in A. lacustris final location 

choice between infected treatments with some non-infected hosts and those with 

all infected hosts (Chi-Square, P > 0.1) in competitive treatments. 
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3.5 Discussion 

Parasite-mediated competition can alter microhabitat use by competing species 

and may have far reaching implications on species distributions and relative 

abundances. The impact of parasites on microhabitat use by these isopods 

appeared to be unidirectional, with A. lacustris being indirectly influenced by the 

trematode infection of its competitor. On its own, A. lacustris showed no 

preference for settling on rocks versus under the sand. However, in the presence 

of the competitor A. annectens, the distribution of A. lacustris became biased 

toward one of the microhabitats, but microhabitat selection by A. lacustris 

depended on whether the competitor, A. annectens, was parasitized or not. On the 

other hand, microhabitat use by A. annectens did not vary as a function of 

competition or parasite load. The differential effect of parasites on their hosts 

may have further consequences when examining larger scale interactions within 

their communities. 

Differences in microhabitat use by A. lacustris in competitive environments 

may be due to behavioural alterations in their competitor, A. annectens, when 

infected with M. poulini. Previous research has indicated that A. annectens is more 

active when infected with M. poulini (Chapter 2; Hansen and Poulin, 2005; 

Friesen et al., 2017). It is possible that this increase in activity alters competitive 

interactions between isopod species. An increase in activity in A. annectens may 

deter A. lacustris from venturing into the sand environment (Friesen et al., 2017). 

Additionally, infection by M. poulini may increase the aggressiveness of 

A. annectens, leading A. lacustris to use rocks as an escape from direct aggression 

by competitors. A reduction in anti-predator behaviours has been observed in 

other infected isopods. For example, the behaviour of the isopod Caecidotea 

intermedius is modified by the acanthocephalan parasite Acanthocephalus dirus 

leading to increased vulnerability to predation (Hechtel et al., 1993). Further, 

infected A. annectens have been shown to have reduced evasive responses to 
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predatory stimuli in comparison to their uninfected counterparts (Hansen and 

Poulin, 2005). In the absence of predators, the behavioural modifications 

targeting antipredator responses may in turn alter competitive interactions 

between isopod species. 

Surprisingly, the abundance of M. poulini did not impact the final location 

of A. annectens. Perhaps this lack of relationship is due to my inability to quantify 

movement of the isopods underneath the sand, where the influence of parasite 

abundance may be manifested. Additionally, changes in the aggressiveness of a 

host may be very difficult to quantify without further understanding of the 

behaviours of the host in the absence of parasitism. Further, changes in host 

behaviour due to parasitism may have more indirect consequences than just 

shifting the microhabitat use of their competitor, but may also alter other 

competitive interactions, change intraspecific competitive interactions, and 

mating behaviours. 

As I only used natural infections rather than an experimental approach, this 

limits my power to infer causality or elucidate the direct mechanisms underlying 

these interactions. When combined with what is known of the mechanistic bases 

of parasite-induced host modifications, it remains a good approach for 

examining the effects of parasites on their hosts (Poulin, 2001).   

The change in habitat use by A. lacustris in competition with infected versus 

non- infected A. annectens is an interesting insight into the subtle role parasites 

may be playing in this ecosystem. As fish and birds are important predators to 

both species of isopod, and as birds serve as definitive host to M. poulini, 

alteration in habitat choice may have consequences for predation and parasite 

transmission rates, and therefore the abundance and population growth of either 

species. Additionally, the rock location where A. lacustris is often found is more 

vulnerable to desiccation as lake levels within this habitat are influenced by the 

flux of the tides. However, for the same reasons this differential habitat selection 

may leave A. lacustris less vulnerable to predation, particularly from fish. 
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The direct impacts of parasites on host behaviour, particularly in 

intermediate hosts, have been well documented (Hechtel et al., 1993; Berdoy et al., 

2000; Cézilly et al., 2000; Bauer et al., 2000; Bollache et al., 2001; Lefèvre et al., 2009; 

Mikheev et al., 2010). However, most studies have focused on the direct 

consequences of these behavioural modifications on the host or on its interactions 

with conspecifics (Hechtel et al., 1993; Bollache et al., 2001; Seppälä et al., 2004, 

2013; Hernandez and Sukhdeo, 2008; Mikheev et al., 2010). Direct impacts of a 

parasite on its host may be much easier to measure but the indirect consequences 

of infection could be just as important. Yet, little is understood about how these 

behavioural changes impact other interactions within the ecosystem, indirectly 

shaping species distributions and abundance. The natural distribution of the two 

isopods is similar to that seen in the competition mesocosms involving infected 

A. annectens, strongly suggesting that parasites play an important role mediating 

their interactions in nature and ultimately shaping the spatial distribution of a 

non-infected species. Due to the vast number of interactions each species may 

have within an ecosystem, changes in one host species may have far reaching 

ramifications.  

Parasite-induced changes in host behaviour are classical examples of 

extended phenotypes (Dawkins, 1982). My system may also be an example of a 

super-extended phenotype, where the parasite is affecting the phenotype of a 

non-host. Parasite genes have been selected for their effect on host phenotype; it 

is conceivable that selection may also favour their effects on non-hosts if these 

benefit the parasite. In my system, A. lacustris moving to rocky habitats not only 

decreases competition for the parasite’s host, but also decreases alternative prey 

availability from sandy substrates. This very likely increases predation rates by 

waterfowl on A. annectens, the dominant isopod on exposed sand, thereby 

enhancing parasite transmission to definitive hosts. Selection should favour this 

super-extended phenotypic effect on a non-host. The super-extended phenotype 

of M. poulini may shape species distributions and subsequent interactions within 
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this ecosystem (Whitman et al., 2003). Further study of indirect mediations by 

parasites is crucial to our growing understanding of factors influencing 

community structure, population dynamics, and species distribution.  
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Chapter Four 

Parasite infection reduces predation risk by dragonfly 

larvae in crustacean prey 

  



Chapter 4: Parasites and predator avoidance 

 -72- 

4.1 Abstract 

Parasites can modify the phenotype of their hosts, leading to changes in host 

vulnerability to predation. Trophically transmitted parasites often rely on these 

changes to increase their probability of transmission to the next host or 

alternatively, reduce their chances of being consumed by the wrong 

predator/host species. However, many phenotypic changes may actually increase 

the host’s vulnerability to other predator species that are ‘dead-ends’ for the 

parasite, reducing parasite fitness while potentially impacting host populations. 

The isopod Austridotea annectens serves as intermediate host to the trematode 

Maritrema poulini. Infected isopods display changes in behaviour that may 

increase transmission of the parasite to bird definitive hosts. I tested the role of 

M. poulini infection on predation risk of isopod hosts by a dragonfly nymph 

(Hemicordulia australiae), a ‘dead-end’ host for the parasite. Pairs of size-matched 

isopods were exposed to dragonfly nymphs and observed until the predator 

captured one individual, after which parasite abundance in each isopod was 

determined via dissection. Isopods with lower parasite abundance were 

significantly more likely to be caught by dragonfly predators. Several 

mechanisms may explain this differential predation risk. Behavioural 

modification by the parasites may be altering isopod behaviour to avoid 

predation by dead-end hosts, such as decreasing movement and burrowing. 

Alternatively, increased activity levels may allow heavily infected isopods to 

avoid predation by sit and wait predators like dragonfly nymphs. Assessing the 

effects of parasites on their host’s ability to avoid predation is crucial to 

understand how parasites may affect population dynamics and ecosystem 

structure.  
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4.2 Introduction 

Intra- and interspecific interactions are influenced by a variety of biotic and 

abiotic factors, shaping species abundance and population dynamics. The 

presence of parasites may modify these interactions, affecting the ability of 

individuals to avoid predation, as well as influencing the outcome of competition 

(Park, 1948; Price et al., 1986; Hudson and Greenman, 1998; Tompkins and Begon, 

1999; Friesen et al., 2018).  Parasite effects on their hosts may include 

modifications in host behaviour or physical appearance, such as activity levels, 

phototaxis, aggressiveness or boldness, microhabitat use, and body colouration 

(Levri, 1998; Mikheev et al., 2010; Rauque et al., 2011; Lagrue et al., 2016; Friesen et 

al., 2017). Many of these alterations can lead to changes in predation levels on 

infected individuals relative to uninfected ones (Lagrue et al., 2007, 2013). 

Differential vulnerability to predation may have extended consequences for the 

community, by changing resource use and relative species abundances, and 

determining the likelihood of co-existence. 

Interactions between predators and prey are a key component of 

transmission dynamics in parasites that move between trophic levels (Raoul et al., 

2010). Parasites that are trophically transmitted often alter their hosts’ 

behavioural phenotypes, ultimately increasing infected hosts’ vulnerability to 

predation (Poulin, 1995; Klein, 2005; Thomas et al., 2005; Sparkes et al., 2006; 

Seppälä and Jokela, 2008). Many behavioural changes observed in infected hosts 

have been documented in the literature (Barber et al., 1995; Poulin, 1995; Klein, 

2005; Thomas et al., 2005; Sparkes et al., 2006). These modifications may increase 

the chance of parasite transmission to the next host (Poulin, 1995). For instance, 

grass shrimp (Palaemonetes pugio) infected by the trematode Microphallus turgidus 

spent more time swimming near a predator, and were thus more likely to be 

preyed upon by the parasite’s definitive host (Kunz and Pung, 2004). Models 

have suggested that when behavioural modifications are not specific to the next 
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host, they need to very effectively increase predation risk to actually increase 

parasite transmission (Seppälä and Jokela, 2008). Therefore, if the host has a 

naturally low risk of predation, behavioural manipulations can be adaptive to 

parasites (Seppälä and Jokela, 2008). However, as is the case in many 

communities, if predation risks are high, parasite-induced behavioural 

modifications must be more specific to the appropriate host to provide any 

benefits to the parasite in terms of transmission rate (Seppälä and Jokela, 2008). 

Yet, parasite-mediated trophic relationships and predation risks are seldom 

investigated in complex ecosystems, particularly when various species may serve 

as both intermediate and definitive hosts.  

Parasite-induced behavioural modifications may also increase hosts 

vulnerability to predation by predators unsuitable as hosts (i.e. ‘dead-end’ hosts; 

Mouritsen and Poulin, 2003; Seppälä and Jokela, 2008; Seppälä et al., 2008) . This 

is the case in the isopod Asellus aquaticus infected with the acanthocephalan 

Acanthocephalus lucii. Acanthocephalus lucii modifies the pigmentation and 

behaviour of isopod hosts, increasing their vulnerability to consumption by both 

the definitive host and other dead-end predators. However, the increase in 

vulnerability to predation by the parasite’s definitive host is greater than that by 

dead-end hosts (Seppälä et al., 2008). Alternatively, changes in the behavioural 

phenotype of infected individuals may cause them to be more effective at 

evading dead-end predators, increasing the probability of the parasite continuing 

its life cycle (Levri, 1998; Médoc et al., 2006, 2009; Médoc and Beisel, 2008). 

Much of the research on the relationship between phenotypic modifications 

by parasites has focused on the transmission between hosts, yet most 

intermediate hosts also have a range of non-host predators within their 

community (Cézilly et al., 2010).  Differential predation levels on infected 

individuals have potentially substantial consequences for the ecosystem. If 

parasite-induced behavioural modifications increase predation rate on a given 

infected host species by a variety of different predators, not just the parasite’s 



Chapter 4: Parasites and predator avoidance 

 -75- 

next host, it may reduce host population size, alter competition with other 

species, and ultimately may drive selection for counter-adaptations.  

Trophic transmission of trematode parasites provides the opportunity to 

examine the interplay between parasites, hosts, and predators, particularly in 

complex multi-trophic ecosystems where they are often found. The isopod, 

A. annectens, serves as intermediate host to the parasite, M. poulini, and parasite 

abundance has been shown to be positively correlated with increased activity 

levels (Chapter 2; Friesen et al., 2017). Maritrema poulini uses waterfowl as 

definitive hosts (Presswell et al., 2014). Eggs produced by adult worms pass out 

with host faeces and are ingested by the first intermediate host, the snail, 

Potamopyrgus antipodarum. After asexual multiplication within the snail, free-

swimming larvae are released in the water where they seek a crustacean second 

intermediate host (isopod or amphipod), in which they encyst as metacercariae. 

The life cycle is completed when the infected crustacean host is consumed by the 

avian definitive host (Presswell et al., 2014). In addition to changing the activity 

levels of their isopod host (Chapter 2; Friesen et al., 2017), infections by this 

parasite also provide an example of super extended phenotype, influencing 

competitive interactions and ultimately the microhabitat use of a congeneric 

competitor, A. lacustris (Chapter 3; Friesen et al., 2018). The isopod A. annectens is 

an important prey within its ecosystem and is consumed by a variety of predator 

species beyond the definitive host of M. poulini, including other birds, odonate 

nymphs, fish, congeners, and other macro-invertebrates (Wilhelm et al., 2002, 

2007; Kattel and Closs, 2007; Lagrue et al., 2011, 2015).  

I investigated whether behavioural differences observed in infected isopods 

altered their vulnerability to predation by a dead-end predator. To test whether 

parasite abundance was related to increased vulnerability to predation, I paired 

isopods of similar sizes but harbouring different numbers of parasites, and 

exposed them to a dragonfly nymph, a dead-end host for the parasite but a 

natural predator of isopods. If parasite abundance alters predation rates, then we 
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expected that captured isopods would harbour consistently higher numbers of 

parasites. 

 

4.3 Methods 

Sample collection 

I collected naturally infected Austridotea annectens isopods from the littoral zone 

of Lake Waihola, South Island, New Zealand (46q01’14 S, 170q05’05 E) and 

dragonfly nymphs (Hemicordulia australiae; Family: Corduliidae Selys 1854) from 

Tomahawk Lagoon (45q54’11 S, 170q32’33 E) between April and May 2017. 

Although isopods and dragonfly nymphs are found in sympatry in both lakes, 

due to differences in natural abundance of invertebrates and ease of sampling, 

isopods and dragonfly nymphs were taken from separate locations. Isopods were 

caught using dip-nets and dragonfly nymphs were picked by hand from rocks. 

All animals were transported to the laboratory in lake water. Isopods were 

maintained in 10 L tanks containing aerated lake water and aquatic plants 

(Myriophyllum triphyllum and Elodea canadensis) for food. Dragonfly nymphs were 

maintained individually in plastic containers with 0.5 L of water, a large rock, 

and some macrophytes for cover. Animals were kept at room temperature (16qC 

r 1qC), and under a controlled photoperiod (12 hours dark and light) for 14 days 

prior to their use in predation trials. 

Each dragonfly nymph was fasted for seven days prior to predation 

experiments. All nymphs were F-5 or F-6 instars and likely young-of-the-year as 

this species appears to have a 1-year life cycle (Winterbourn and Pohe, 2013). 

Prior to the experimental treatment, dragonflies were sustained on a diet of 

isopods. Dragonfly nymphs generally hunt in one of two different styles; some 

larvae are visually dependent predator and hunt as they move amongst the 

vegetation (e.g., Superfamily Aeshnoidea) whereas others sit and wait for their 

prey (e.g., Superfamilies Cordulegastroidea and Libelluloidea) (Pritchard, 1965; 
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Richards and Bull, 1990). The dragonfly nymph used here is from the 

Superfamily Libelluloidea (Leach 1815), and therefore a sit and wait predator. As 

such, a behavioural shift, such as parasite-induced changes in activity levels, in 

infected isopods should impact their probability of being captured by this 

predator.  

 

Predator trials 

I paired isopods by size to reduce any confounding influence of size on prey 

selection. Isopods were not matched by sex because sexing isopods requires 

extensive handling. Two size-matched isopods were added to each trial container 

(clear cylindrical plastic containers, 200 mL volume, 90 mm diameter, and 40 mm 

depth) with a sandy substrate and left for 5 minutes to acclimate to their new 

environment. A sandy environment is the preferred substrate of this species of 

isopod in nature (Chapter 3; Friesen et al., 2018). This also provided isopods time 

to bury themselves completely if desired. One dragonfly nymph was added to 

each container and monitored until it caught one of the two isopods. The 

dragonflies were placed as close to the dead centre of the container as possible. 

The isopod was then retrieved from the nymph before it could be consumed and 

placed into a labelled vial with 70% ethanol until dissection. The uncaptured 

isopod was also collected, killed in 70% ethanol, and stored until dissection. Each 

nymph was only used in three trials to ensure it did not expend too much energy 

striking for prey without receiving food.  

Total body length of each isopod was determined by measuring from the 

anterior tip of the cephalic capsule to the posterior end of the uropod. Sex was 

determined for each individual when possible. Isopods shorter than 7-8mm in 

body length were impossible to sex due to the lack of secondary sexual characters 

and thus considered juveniles (Friesen et al., 2017). Individuals were then 

dissected to retrieve and count all parasites; only the trematode M. poulini was 



Chapter 4: Parasites and predator avoidance 

 -78- 

found in isopods used in this study. All dragonflies were euthanized after the 

trials, measured, and dissected to ensure they harboured no parasites. 

 

Statistical analysis 

Statistical analyses were performed in JMP® 12 (SAS Institute Inc 2015), R 

statistical software (http://www.R-project.org) and G*Power (Faul et al., 2007, 

2009). The difference in parasite abundance (predictor) between captured and 

uncaptured isopods was analysed using a paired t-test, as well as a generalized 

linear mixed model (glmerMod, family = binomial), with parasite abundance as 

the main predictor and captured/uncaptured as the binomial response variable 

and using dragonfly identity as a random factor to control for possible non-

independence of trials using the same predator and any individual predator bias. 

Any relationship between isopod sex and the probability of being captured by 

the dragonfly was analysed using contingency analysis. Differences in size 

(predictor) between captured and uncaptured isopods were analysed using a 

paired t-test. A post-hoc power analysis was performed on the differences in 

parasite abundance between captured and uncaptured isopod pairs. My post-hoc 

statistical power analysis indicated a statistical power of 0.99. Finally, we used a 

one-way ANOVA to compare the mean difference in parasite abundance between 

captured/uncaptured isopods among all 16 dragonfly predators used. All the 

assumptions of each test were met. 

4.4 Results 

I paired 70 A. annectens isopods by size (i.e. 35 pairs), ranging in size between 4.9 

and 11.5 mm. Isopod sex ratio was 2:1 males to females, with 6 individuals 

classified as juveniles. The size difference between individuals in a pair ranged 

between 0 and 2.3 mm, with a mean difference of 0.7 mm.  

Within pairs, uncaptured isopods had higher M. poulini abundance than 

captured individuals (two-tailed matched pair t-test, df = 34, t = -3.4, P = 0.002, 
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Figure 4.1 and 4.2). The differences in parasite abundance between captured and 

uncaptured isopods have been illustrated in Figure 4.1a, with the reds line 

representing the mean difference between the pairs. As this mean line and the 

95% confidence interval do not include zero, the difference between pairs is 

significantly different than what would be expected if this relationship was 

random. Consistently, uncaptured isopods had a higher abundance of M. poulini 

than captured individuals when controlling for the possibility of individual 

predator bias (generalized linear mixed model, fixed effect (M. poulini 

abundance), z = -2.45, P = 0.015).  

Across all pairs of isopods, there was no difference in body size between the 

individual captured by the predator and the one that was not (matched pair t-

test, df = 34, t = 0.0008, P = 0.98, Figure 4.1b). I also found no relationship between 

the sex of an isopod and its probability of being captured (Contingency analysis, 

df = 1, 𝜒2 = 0.07, P = 0.97).  
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Figure 4.1 Differences between (a) parasite abundance and (b) total body lengths (mm) 
in matched pairs of captured and uncaptured isopods. The mean difference is shown as 
the red horizontal line, with the 95% interval above and below shown as dotted lines. As 
the confidence region does not include zero, the means are significantly different. The 
mean parasite abundance per isopod in each of the pairs is shown by the red vertical 
line.  

(A) 

(B) 
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Figure 4.2 Differences between the mean Maritrema poulini abundance in uncaptured 
versus captured isopods, with standard error of each group (both N = 35). 

 

A total of 16 different dragonfly nymphs were used during the trials, 

ranging in size between 20-24 mm. All individuals were dissected after the trials 

and no macroparasites were present in any dragonfly individual. I tested to see if 

any dragonfly acted differently from others during the trials. To examine if the 

selection for either less infected or more infected isopods was consistent between 

all dragonfly individuals, I compared the mean difference between capture-

uncaptured isopods among dragonflies. There was no significant difference in 

mean difference between captured-uncaptured isopods when comparing 

individual dragonflies (One-way ANOVA, F15,20= 1.1, P = 0.38).  
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4.5 Discussion 

Phenotypic modifications of hosts by parasites have been documented to increase 

hosts’ vulnerability to predation and therefore parasite transmission to the next 

host (Poulin, 1995; Seppälä et al., 2004; Cézilly and Perrot-Minnot, 2005; Lagrue et 

al., 2007; Poulin and Maure, 2015), yet changes that assist in avoiding dead-end 

hosts are far less understood (Mouritsen and Poulin, 2003; Seppälä and Jokela, 

2008; Seppälä et al., 2008). In my isopods, individuals with a higher abundance of 

M. poulini had a decreased probability of being caught by a ‘dead-end’ predator. 

As this isopod species has been shown to have higher activity levels in these 

related with higher abundance of M. poulini (Chapter 2; Friesen et al., 2017), the 

opposite relationship between parasite abundance and the likelihood of being 

captured by a predator suggests another mechanism is in place. My results may 

be due to a number of factors, including indicating that either dragonfly nymphs 

are avoiding eating highly infected individuals or, more likely, parasites are 

modifying their hosts in the presence of a dead-end host to reduce their chances 

of being eaten.  

Parasites may modify isopod behaviour based on the presence of specific 

predators, altering isopod behaviour to avoid predation in the presence of a 

dead-end host, such as decreasing movement and burrowing. Although 

increased activity levels of the host may increase their encounter rate with a sit 

and wait predator, alternatively it may also allow them to avoid predation by the 

same type of predator, such as dragonfly nymphs. Any changes in the 

behavioural phenotype of infected individuals that make them more effective at 

evading dead-end predators should be selected for in parasites as they also 

increase the probability of the parasite continuing its life cycle (Levri, 1998; 

Médoc et al., 2006, 2009; Médoc and Beisel, 2008).  

The possibility that dragonflies select less infected individuals is unlikely, 

but cannot be discounted outright. It is possible, although improbable, that 
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M. poulini use the nymphs as paratenic hosts (intermediate hosts that may be 

required to complete a parasite's life cycle, but in which no development of the 

parasite occurs). However, present dissections and past work on this species 

failed to reveal any infections or encysted M. poulini in dragonfly nymphs, and 

the use of paratenic hosts by trematodes is very uncommon (Chubb et al., 2010).  

Furthermore, dragonfly nymphs slough off the epithelium lining of their 

alimentary canal when excreting waste (Needham, 1897), and adult M. poulini are 

found in the intestine of their definitive hosts (Presswell et al., 2014). As such, 

M. poulini survival within the nymph would depend on being able to survive 

digestion, and then move through this epithelial layer to persist, which is 

unlikely.  Therefore, there is no obvious reason for dragonfly nymphs to avoid 

consuming highly infected individuals, strongly suggesting that differences in 

the probability of predation are more likely due to behavioural changes in the 

isopods themselves. 

The increased vulnerability of less infected individuals to predation has the 

potential to shift ecosystem dynamics. Removing less infected individuals from a 

community can shift competitive interactions, as is seen between A. annectens and 

its competitor, A. lacustris (Chapter 3; Friesen et al., 2018). If M. poulini affects the 

vulnerability of its host to predation, it is yet to be understood how these changes 

may play out with targeted host species, other dead-end hosts, and in complex, 

multi-trophic interactions (Lagrue and Poulin, 2015a). The same changes that 

allow the more highly infected individuals to be less likely to be captured by the 

dragonfly nymphs may have indirect consequences on their foraging abilities 

and competitive interactions. Understanding the effects of parasites on their 

host’s ability to avoid predation is crucial to start to understand how the 

presence of parasites may affect population dynamics and ecosystem structure. 
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Chapter Five 

Parasites shape community structure and dynamics in 

freshwater crustaceans  
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5.1 Abstract 

Parasites both directly and indirectly influence important interactions among 

hosts such as competition and predation through modifications of behaviour, 

reproduction, survival, and growth. Such impacts can affect local biodiversity 

and the distribution and relative abundance of host and non-host species, as well 

as the structuring of communities and ecosystems. Despite our knowledge of the 

importance of parasites and extensive theoretical modelling of their crucial role 

in shaping ecosystems, little has been empirically measured to examine their far-

reaching roles; it has proven especially difficult to manipulate parasite 

abundance in naturalistic experiments. To quantitatively test the role of parasites 

in structuring host populations, I set up a controlled multi-host, multi-parasite 

mesocosm experiment with two different treatments, one with low parasite 

exposure and the other with high exposure. I used four different invertebrate 

species from the same community that share up to five species of parasites. I 

found that the trematode M. poulini influenced population dynamics of these 

hosts. For example, survival and recruitment of the amphipod P. fluviatilis were 

dramatically reduced, suggesting that parasites may impact their long-term 

persistence in the community. Relative abundances of host species were 

significantly influenced by the presence of parasites, thus demonstrating the role 

of parasites in host community structure. As parasites are ubiquitous across all 

communities and ecosystems, I suggest that, through a variety of mechanisms, 

the asymmetrical effects I observed are likely widespread structuring forces. 

5.2 Introduction 

Parasites have long been known to affect many aspects of their host’s life history, 

including survival, growth, reproduction, and behaviour (Park, 1948; Read, 1988; 

Lehmann, 1992; Poulin, 1995; Thomas et al., 1998; Thompson et al., 2001; Bollache 

et al., 2002; Lefèvre et al., 2009), consequently impacting key ecological 
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interactions such as predation (Kunz and Pung, 2004) and competition (Mikheev 

et al., 2010; Reisinger et al., 2015; Friesen et al., 2018). Research has suggested that 

parasites can act as mediators or catalysers in interference competition, defend 

their hosts against enemies, or assist consumers in exploiting their resource 

species (Price et al., 1986). Overall, impacts on hosts can in turn have community-

wide repercussions (Thomas et al., 1998; Lefèvre et al., 2009). Direct and indirect 

impacts of parasites can thus play a key role in determining species distributions, 

biodiversity, trophic interactions, and ultimately community structure in many 

ecosystems (Price et al., 1986; Schall, 1992; Kiesecker and Blaustein, 1999; Thomas 

et al., 1999; Fredensborg et al., 2004; Wood et al., 2007; Weinstein et al., 2017).  

In ecosystems where two host species share the same parasites, one may be 

more tolerant to infections and can act as both a reservoir host and a superior 

competitor (Chapter 2; Park, 1948; Greenman and Hudson, 2000). Differential 

effects of parasites on alternative hosts may eventually lead to the exclusion of 

one of the host species (Park, 1948; Greenman and Hudson, 2000). For example, 

European hares (Lepus europaeus) are more vulnerable than rabbits (Oryctolagus 

cuniculus) to the stomach nematode, Graphidium strigosum. This parasite can lead 

to the exclusion of hares from habitats with high densities of rabbits, where 

transmission rates are higher (Greenman and Hudson, 1999, 2000). On the other 

hand, parasites may weaken the stronger competitor and allow for the 

coexistence of alternative hosts that are competitively inferior but less affected by 

shared parasites (Kiesecker and Blaustein, 1999; Hatcher and Dunn, 2011). 

Although the presence of shared parasites may indeed allow one species to out-

compete another, it may still weaken both species when competing with 

additional non-host species that do not share parasites, or when avoiding 

different predators, including intra-guild ones.  

Predation, particularly intra-guild predation, can also be altered by 

parasites and change predator-prey dynamics within a community (MacNeil et 

al., 2003b). In Ireland, the invasive amphipod Gammarus pulex directly interacts 
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with, and often outcompetes, the native G. duebeni celticus  through intra-guild 

predation (MacNeil et al., 2003b). However, when present, the acanthocephalan 

Echinorynchus truttae reduces the predatory activity of infected amphipods, more 

noticeably in the invasive host, resulting in reduced intra-guild predation on the 

native species (MacNeil et al., 2003b). Additionally, many infected hosts display 

behavioural changes that may increase the parasite’s chances of transmission to 

their next host (Barber et al., 1995; Poulin, 1995; Klein, 2005; Thomas et al., 2005; 

Sparkes et al., 2006; Lagrue et al., 2007). However, many parasite-induced 

behavioural modifications can also increase host vulnerability to other predators 

unsuitable as hosts (i.e. ‘dead-end’ hosts; Mouritsen and Poulin, 2003; Seppälä 

and Jokela, 2008; Seppälä et al., 2008). The importance of parasite-mediated 

predation remains poorly understood in many host-parasite associations, let 

alone whole communities or ecosystems.  

Multispecies infections (i.e. simultaneous infections by different parasite 

species) in a single host are also very common in natural systems, further 

complicating relationships among hosts, parasites, and ecosystems (Hughes and 

Boomsma, 2004; Pedersen and Fenton, 2007; Lagrue and Poulin, 2008a; Alizon et 

al., 2013; Thumbi et al., 2014; Lange et al., 2014). Although each infection may be 

independent, the presence of multiple species of parasites can have synergistic or 

antagonistic effects compared to the presence of each parasite on their own 

(Lagrue and Poulin, 2008a; Alizon et al., 2013; Lange et al., 2014). Potential effects 

of diverse parasite assemblages on hosts are often very difficult to forecast 

(Alizon, 2013). Interactions among parasites found in the same host may shape 

their respective virulence or behavioural modification of the host, and ultimately 

its survival (de Roode et al., 2004; Balmer et al., 2009; Alizon, 2013; Lange et al., 

2014). Additionally, if a host is infected with multiple parasites known to modify 

host behaviour, it becomes difficult to predict how these parasites may end up 

affecting the host when together. Multispecies infections could also alter overall 

virulence (parasite-induced fitness reduction in the host), causing it to be higher 
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than that of the most virulent parasite, lower than that of the least virulent one, 

or to reach some intermediate level (Alizon et al., 2013). Generally, and despite 

their common occurrence and potential importance, we still understand little 

about how shared parasites and multispecies infections shape host communities.   

Although we are starting to have a better understanding of some of the 

direct and indirect effects of parasite-induced modifications of hosts (e.g., Park, 

1948; Holt and Lawton, 1994; Jaenike, 1995; Tompkins et al., 2000, 2001; Bollache 

et al., 2001; Rivero and Ferguson, 2003; Vivas Muñoz et al., 2017; Friesen et al., 

2018), most have been studied on a smaller scale, focusing on two host species 

with one shared parasite. Host-parasite-community dynamics in natural 

ecosystems are far more complex, involve intricate interactions of all parasite 

impacts, and are much more difficult to predict. The strength of host inter- and 

intraspecific competition, host-specific vulnerability to infections, and the 

intensity of parasite transmission will affect the outcome of parasite-mediated 

competition (Hatcher and Dunn, 2011). The interplay of competition with other 

factors, such as reproduction and predation, may lead to outcomes other than 

those predicted by studying these impacts alone. For example, Hymenolepis 

diminuta (cestode) reduces the fitness of the red flour beetle, Tribolium castaneum, 

under high but not low intraspecific competition (Yan and Stevens, 1995). The 

protozoan parasite Lambornella clarki increases adult population size in mosquitos 

(Aedes sierrensis) only when food is limited and competition is high (Washburn et 

al., 1991). Limits on food alters larval feeding behaviour, which in turn reduces 

horizontal transmission rates and subsequent parasite-induced mortality 

(Washburn et al., 1991). 

Despite extensive modelling on the role of parasites in structuring and 

shaping ecosystems (e.g., Anderson and May, 1981; Holt and Pickering, 1985; 

Begon et al., 1992; Begon and Bowers, 1994; Yan, 1996; Greenman and Hudson, 

1999, 2000; Hatcher and Dunn, 2011; Sieber et al., 2013; Rabajante et al., 2015), 

empirical studies examining both multi-species infections and how parasites 
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modify interactions among hosts remain absent, to the best of my knowledge. 

Thus, there is a strong need for empirically controlled multigenerational 

experiments to properly understand the role parasites play in the structuring of 

entire communities.  

I investigated how parasites affect community structure and dynamics 

using multiple mesocosms with four different host species and four parasite 

species from a well-studied benthic lake community, controlling for the relative 

exposure of parasites within each treatment. The relatively short life spans of 

host species in this system provided an opportunity to examine the role of 

parasite mediation across multiple generations. The host species are also 

important food sources for many consumers within the ecosystem and serve as 

intermediate hosts to a variety of parasites, creating further links within their 

community. In addition, all four host species compete for resources and may 

consume each other, making this a good community to study parasite-mediated 

interspecific interactions. All parasites and their hosts in this system are well 

studied (Poulin, 2001; Lefèbvre et al., 2005; Lagrue and Poulin, 2007, 2008a, 2015a; 

Luque et al., 2010; Lagrue et al., 2011; Rauque et al., 2011), allowing us to integrate 

prior research with this current study. If parasites modulate community 

dynamics, we expected to see differences in host fecundity, recruitment, and 

especially host relative abundance over time.  

5.3 Methods 

Study system and sample collection 

Two amphipod species (Paracalliope fluviatilis and Paracorophium excavatum), and 

two isopod species (Austridotea annectens and A. lacustris) are commonly found in 

New Zealand lake ecosystems. All four species compete with each other, share a 

variety of macroparasites in different combinations, and the two isopods may 

prey on the two amphipods (Holton, 1984; Lagrue and Poulin, 2007; Friesen et al., 

2017). Two trematode species are present in the system: Coitocaecum parvum 
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infects both amphipod species and Maritrema poulini infects both amphipods as 

well as A. annectens. Paracalliope fluviatilis also serves as intermediate host to the 

fish acanthocephalan, Acanthocephalus galaxii, whereas P. excavatum is the sole 

intermediate host of the fish nematode Hedruris spinigera. Note that M. poulini has 

also been found in A. lacustris in the past but at extremely low prevalence 

(Presswell et al., 2014; Friesen et al., 2018).  

Maritrema poulini, a microphallid trematode, uses waterfowl (definitive 

hosts), the New Zealand mudsnail, Potamopyrgus antipodarum (first intermediate 

host), and isopods (A. annectens or A. lacustris) or amphipods (P. excavatum or P. 

fluviatilis) (second intermediate hosts; Presswell et al., 2014). The latter are 

infected by transmission stages known as cercariae, that penetrate through their 

exoskeleton after being released from the snail host. Coitocaecum parvum has a 

similar life cycle although it uses fish, mainly common bullies (Gobiomorphus 

cotidianus), as definitive hosts (Lagrue and Poulin, 2007). As all four invertebrates 

serve as intermediate hosts to M. poulini and it is possible to successfully replicate 

the parasite transmission process in a mesocosm setting, this trematode was the 

focal parasite in my low and high exposure treatments. 

Hedruris spinigera is a nematode parasite found exclusively in the amphipod 

P. excavatum; it is transmitted to fish definitive hosts through predation of 

infected amphipods (Luque et al., 2010; Ruiz-Daniels et al., 2012). Similarly, the 

acanthocephalan A. galaxii uses fish as definitive hosts. In both parasite species, 

reproduction occurs in the fish digestive tract and eggs are passed out in host 

faeces (Hine, 1977). Amphipods become infected when accidentally ingesting 

parasite eggs (Hine, 1977; Rauque et al., 2011). Both of these species are found in 

very low prevalence in their natural habitat (Lagrue and Poulin, 2008a; Ruiz-

Daniels et al., 2012; Friesen et al., 2017). Their life histories make it difficult to 

successfully replicate natural transmission in the lab.  

I collected samples of amphipods, isopods, and snails (P. antipodarum) from 

the littoral zone of Lake Waihola, South Island, New Zealand (46q01’14 S, 
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170q05’05 E) and an oxbow pond off the Waitaki River, South Island, New 

Zealand (44q55’54 S, 171q05’54) between April and May 2017. Amphipods and 

A. annectens isopods were caught using dip-nets and transported to the 

laboratory in lake/river water. Austridotea lacustris isopods were collected by 

hand underneath large rocks near the shoreline. Due to the nature of sampling, 

no amphipod or isopod smaller than 2mm in total body length was collected. The 

mud snail P. antipodarum was also collected from macrophytes, sediment, and 

stones along the shoreline of Lake Waihola using a dip net and by hand. 

Amphipods and isopods were maintained separately by species and sample 

location in 10L tanks containing aerated water. Animals were kept in the same 

room (T = 15q r 3qC) with aquatic plants (Myriophyllum triphyllum and Elodea 

canadensis) for food, and under a controlled photoperiod (12 hours dark:light).  

To determine the infection status of the snails, individuals were separated 

into 12-well plates with ten individuals per well and containing approximately 

2ml of filtered lake water. Snails were then incubated for 3 h at 20°C under 

constant light to trigger the emergence of cercariae (Hay et al., 2005). Cercariae 

are infective free-living larval stages that are released into water from the snail 

host, to locate and infect a suitable second intermediate host. Cercariae were 

identified based on morphological features (Hechinger, 2012; Presswell et al., 

2014). Wells were screened for the presence of cercariae and snails in wells that 

contained cercariae were further separated and screened individually. All snails 

shedding M. poulini cercariae were isolated and maintained in 250ml plastic 

containers until needed. A subsample of uninfected snails was haphazardly 

chosen and isolated for use in the low exposure tanks (i.e. low parasite 

prevalence). These individuals were screened one more time pre-experiment to 

ensure their status and then dissected post-experiment for further verification. 
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Mesocosm Experiment 

To quantify the role of parasites in community dynamics, two sets of 

mesocosms were designed, with contrasting levels of parasite exposure. Low 

exposure tanks contained naturally infected crustacean hosts and an uninfected 

snail, whereas high exposure tanks contained a snail infected with M. poulini. 

Each mesocosm, in both treatment types, initially contained 20 P. fluviatilis 

individuals (approximately 50% female and 50% male based on visual 

identification), 10 P. excavatum (sex unknown as it is impossible to differentiate 

sexes without dissection), 10 A. annectens (near identical mixture of large and 

small individuals in each replicate to include a mixture of ages and sexes), 5 

A. lacustris (with at least one very large, therefore mature, male per replicate), 

and a New Zealand mudsnail, P. antipodarum. These relative abundances of 

crustacean hosts roughly match those in nature. Each mesocosm was made 

within a 14L aquarium (AquaOne © Starter Kit, 315 wide x 185.5 deep x 245mm 

height, glass sides with plastic base and lid) filled with aged lake water. The 

bottom of each mesocosm was covered with a mixture of fine sand substrate, 

small rocks (each approximately 10 × 5 × 2mm), and two large rocks 

(approximately 80-150 × 40-100 × 30-60mm). All tanks were filled with aged lake 

water collected at least a week before the start of the experiment to ensure any 

parasite infective stage had died. As I used P. fluviatilis from two locations but 

water from only one location, I tested for potential confounding differences in 

survival due to this change. Paracalliope fluviatilis from the Waitaki River were 

maintained in Lake Waihola water prior to the experiment and compared to Lake 

Waihola amphipods. I found no difference in mortality between sample 

locations. I used animals from both locations due to natural differences in 

parasite prevalence (higher prevalence amphipods in Waitaki River were used in 

high prevalence mesocosms). Both groups of this species were kept in the same 

conditions, including food, water chemistry, temperature, etc. Aquatic plants 

(Myriophyllum triphyllum and Elodea canadensis) were added to provide food. 
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Plants were weighed to ensure equal amounts of food were added to each 

replicate. Prior to transfer to mesocosm replicates, all plants were rinsed with 

water and frozen for 24 hours to ensure that no additional animals or parasite 

infective stages were transferred.  

Mesocosms ran for 9 weeks, with 36 replicates (18 in each treatment group), 

with 6 mesocosms per treatment disassembled every 3 weeks to monitor changes 

in population levels. Each mesocosm was supplied with regular input of aquatic 

plants for food (as described above). Twenty P. fluviatilis amphipods were added 

weekly, and 2 P. excavatum every 3 weeks, to simulate natural migration of fresh 

individuals to the community. A mudsnail was also added at 4.5 weeks to each 

mesocosm. All mesocosms were maintained in the same room, with an even 

number of each treatment type and sampling periods on each shelf. The 

temperature of the room and water were recorded throughout the experiment. 

During each sampling, mesocosms were disassembled by carefully 

removing small aliquots of water and sand substrate, which were subsequently 

screened by two observers (the same throughout the experiment) by the naked 

eye to remove any live individuals. The few carcasses found during the process 

were discarded from the dataset as we could not determine when they died. Each 

live individual was placed in a small tube with lake water until dissection. All 

amphipods were placed in the refrigerator (4ºC ± 1 ºC) after collection to reduce 

oxygen usage and minimize mortality, and dissections took place within 72 

hours. Ethanol was added to the tubes containing isopods for preservation and 

isopods were dissected within one week; contrary to amphipods, ethanol does 

not affect dissections and parasite identification in isopods. Each individual 

crustacean was measured, sexed, and dissected to record parasite diversity and 

intensity. The total body length of each individual was determined by measuring 

from the anterior tip of the cephalic capsule to the posterior end of the uropods. 

Isopods shorter than 7-8mm in body length were impossible to sex due to the 

lack of secondary sexual characters and thus considered juveniles (Chadderton et 
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al., 2003; Friesen et al., 2017). For the same reasons, amphipods smaller than 1.5 

mm were considered juveniles. Individuals smaller than 2mm were considered to 

have hatched in the mesocosm during the experiment as individuals selected at 

the beginning were over this size threshold. Egg presence and numbers were also 

recorded in gravid females. The presence of precopulatory pairs, where a male is 

clasping a female, was also recorded (Sutcliffe, 1992). I defined prevalence as the 

percentage of infected hosts, abundance as the number of parasites per host 

including zeros (i.e. uninfected hosts), and mean abundance as the mean number 

of parasites per host among a sample of hosts. Relative crustacean abundance 

refers to how common a species is relative to other species in a mesocosm. 

Relative crustacean species abundance was defined as the percentage 

composition of a species relative to the number of individuals in the mesocosm.   

 

Statistical analysis 

Statistical analyses were performed in JMP® 12 (SAS Institute Inc, 2015) and 

R statistical software (http://www.R-project.org). I analysed differences in host 

species populations between treatments using an analysis of variance (ANOVA, 

with treatment type as main predictor variable). Best-fit lines were added to 

Figure 5.1, 5.2, and 5.3 to illustrate the direction of relationship between 

host/relative abundance over time but do not correspond to the actual statistical 

analysis.  Differences in sex ratios between treatments were examined using 

contingency analysis (with treatment type as main predictor variable). 

Differences in the number of eggs per female host species (mesocosm replicates 

pooled by treatment for each time period) between treatment groups were 

analysed using an ANOVA. Host species were analysed separately. The 

differences in proportion of females carrying young and the proportion of pairs 

between treatment groups were analysed using contingency analysis. The 

differences in relative abundance of host species and the parasite abundances 

between treatments were analysed using ANOVA (with treatment type the main 
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predictor). The parasite prevalence was compared between treatments using a 

contingency analysis, with treatment type the main predictor variable. A 

relationship was considered significant if the p-value was ≤ 0.05 and considered a 

trend if the p-value was 0.05-0.10. All the assumptions of each test were met. 

5.4 Results 

I used 4320 P. fluviatilis, 504 P. excavatum, 360 A. annectens, 180 A. lacustris, and 60 

P. antipodarum throughout the experiment. Overall, when disassembling the 

mesocosms, I collected 3878 P. fluviatilis, 176 P. excavatum, 227 A. annectens, and 

156 A. lacustris. Five species of parasites, M. poulini, C. parvum, H. spinigera, 

A. galaxii, and an unidentified cestode (Family Hymenolepididae) were found in 

invertebrate hosts. The highest number of individuals of M. poulini per host was 

53 (in P. excavatum), 10 for C. parvum (in P. excavatum), and 1 for both A. galaxii (in 

P. fluviatilis) and H. spinigera (in P. excavatum).  

 

Host population dynamics 

The amphipod P. fluviatilis was consistently more abundant in low parasite 

exposure mesocosms in all three sample dates (ANOVA, Week 3, F1,10 = 32, 

P  = 0.0002; Week 6, F1,10 = 47, P < 0.0001; Week 9, F1,10 = 82, P < 0.0001; Figure 5.1a). 

Experimental populations of P. fluviatilis grew at an exponential rate in the low 

exposure treatment compared to almost no growth in the high exposure 

treatment (Figure 5.1). The total number of P. fluviatilis increased beyond the 

number of individuals we initially introduced and added weekly in the low 

exposure treatment at each sampling period, indicating that recruitment occurred 

(i.e., 200 individuals added to each mesocosm, and a mean of 287 ± 19 individuals 

retrieved at week 9; Figure 5.1a). In two tanks sampled at week 9 in the low  
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Figure 5.1 Comparison of amphipod species abundance per treatment group (mean ± 
SE) over three sampling periods, (a) Paracalliope fluviatilis and (b) Paracorophium 
excavatum. Values at week 0 represent the number of individuals added to the mesocosm 
at the beginning of the experiment. Regression lines represent the direction of 
relationships (best-fit lines) but not statistical relationship.  
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exposure treatment, the number of adults exceeded 200 individuals, strongly 

suggesting the possibility of more than one generation produced in the 

mesocosms. The sex ratio differed between low exposure and high exposure 

treatments at week 3 and 9, but not week 6 (Table 5.1). The number of juveniles 

differed between each treatment type throughout all sampling periods, 

indicating higher recruitment in the low exposure treatment (Table 5.1).  

Paracorophium excavatum populations did not differ between high and low 

parasite exposure treatments throughout the experiment (Week 3, F1,10 = 0.27, 

P = 0.61; Week 6, F1,10 = 1.1, P = 0.32; Week 9, F1,10 = 1.3, P = 0.29; Figure 5.1b). 

Although there was considerable variation between sampling dates in the same 

treatment, mean number per mesocosm replicate was not different between 

sampling dates (Low exposure treatment, F2,15 = 0.011, P = 0.99; High exposure 

treatment, F2,15 = 2.13, P = 0.15; Figure 5.1b). The ratio of males to females did not 

differ between low and high exposure treatments on any sampling date (Table 

5.1). However, since we did not see any recruitment and sex was impossible to 

determine as we set up the mesocosms, these ratios are just as likely due to the 

set-up of the experiment.  

Abundance of both species of isopods decreased over time in low and high 

exposure treatments. The number of A. annectens per tank was not statistically 

different between treatments for the first two sample periods (Week 3, F1,10 = 0.69, 

P = 0.43; Week 6, F1,10 = 1.9, P = 0.20; Figure 5.2a), however the mean number of 

individuals per tank was higher in the low exposure tanks at week 9 (F1,10 = 4.6, 

P = 0.05; Figure 5.2a). The population of A. lacustris decreased over the three 

sampling dates in both low and high exposure treatments, although they were 

not statistically different between treatments (Week 3, F1,10 = 2.5, P = 0.14; Week 6, 

F1,10 = 2.4, P = 0.16; Week 9, F1,10 = 1.9, P = 0.20).  

Sex ratio in A. annectens differed between treatments in week 3 and 9, but 

not in week 6 (Table 5.1). The number of juveniles was higher in low exposure 

treatment mesocosms during week 6 and week 9 (Table 5.1). The proportion of  
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Figure 5.2 Comparison of isopod species abundance per treatment group (mean ± SE) 
over three sampling periods, (a) Austridotea annectens and (b) Austridotea lacustris. Values 
at week 0 represent the number of individuals added to the mesocosm at the beginning 
of the experiment. Regression lines represent the direction of relationships (best-fit lines) 
but not statistical relationship. 
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Table 5.2 Differences in reproductive measures and parasite infections between low and 
high exposure treatments throughout the three sampling periods. Differences in the 
presence of eggs, pairing, and parasite prevalence were examined using contingency 
analysis (df = 1). Variation in the mean number of eggs per female and parasite 
abundance were examined using analysis of variance. Significant differences are bolded 
and trends marked with *. 
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males to females to juveniles in A. lacustris did not differ between treatments 

throughout all three sampling periods (Table 5.1). 

 

Host Fecundity 

Fecundity, assessed as the mean number of eggs per female in each 

treatment (mesocosm replicates pooled), did not differ between high and low 

exposure treatments in P. fluviatilis in any of the three sampling dates (Table 5.2).  

The proportion of female P. fluviatilis carrying young did not differ between 

low and high exposure treatments in any of the three sampling periods (Table 

5.2). The number of paired individuals did not differ between treatments in week 

3, but there were more pairs in the low treatment than in the high treatment 

mesocosms in week 6 and 9 (Table 5.2). Infected females were more likely to be 

carrying young throughout all sampling periods (Week 3, df = 1, χ2 = 3.1, P = 

0.073; Week 6, df = 1, χ2 = 23, P < 0.0001; Week 9, df = 1, χ2 = 14, P = 0.0003). The 

relationship between infection status and the probability of carrying eggs held 

true in the low exposure treatment (Week 3, df = 1, χ2 = 4.1, P = 0.04; Week 6, df = 

1, χ2 = 15.7, P < 0.0001; Week 9, df = 1, χ2 = 15.7, P = 0.0001), but not consistently in 

the high exposure treatment (Week 3, df = 1, χ2 = 0.07, P = 0.80; Week 6, df = 1, χ2 = 

7.6, P = 0.006; Week 9, df = 1, χ2 = 1.5, P = 0.22).  

Only two female P. excavatum were carrying eggs, one in each treatment, 

and both were carrying the same number of eggs (three each). Both females were 

found during the week 3 sampling period. No A. annectens egg or pair was found 

in either treatment. The fecundity of A. lacustris did not differ in week 6, but the 

proportion of paired individuals tended to be higher in low treatment tanks 

(Table 5.2). Similar trends were present in week 9 (Table 5.2). No pair or young 

were found in A. lacustris during week 3 sampling.  
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Figure 5.3 Relative species abundance (as a percentage of the sample population) of (a) 
the amphipods, Paracalliope fluviatilis and Paracorophium excavatum, and (b) the isopods, 
Austridotea annectens and A. lacustris, in both low and high exposure treatments over the 
nine-week trial period, with replicates sampled every three weeks. Sample size of six 
mesocosm replicates per treatment each sampling period. Regression lines represent the 
direction of relationships (best-fit lines) but not statistical relationship. 
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Host community structure 

The relative abundance of both amphipod species in the invertebrate 

community differed between the low and high parasite exposure treatments 

throughout the experiment (Figure 5.3a). The relative abundance of P. fluviatilis 

was higher in low exposure mesocosms in all three sampling periods (Week 3, 

F1,10 = 18.5, P = 0.002; Week 6, F1,10 = 14.1, P = 0.003; Week 9, F1,10 = 18.8, P = 0.002; 

Figure 5.3a). Conversely, the relative abundance of P. excavatum was higher in the 

high exposure mesocosms in all three sampling periods (Week 3, F1,10 = 6.2, P = 

0.03; Week 6, F1,10 = 2.0, P = 0.018; Week 9, F1,10 = 9.1, P = 0.01; Figure 5.3a). The size 

frequency varied between low and high exposure mesocosms during the three 

sampling periods (Fig. 5.4). 

Both isopod relative abundances decreased over time and in both 

treatments (Figure 5.3b). Austridotea annectens relative abundance was higher in 

the high exposure treatment in week three samples, and it trended the same 

direction throughout the next two sampling periods (Week 3, F1,10 = 9.7, P = 0.01; 

Week 6, F1,10 = 3.8, P = 0.08; Week 9, F1,10 = 3.9, P = 0.08; Figure 5.3b). 

Austridotea lacustris showed the same relationship between high and low 

exposure treatments, with their relative abundance being higher in high exposure 

mesocosms throughout all three sampling periods (Week 3, F1,10 = 15.1, P = 0.003; 

Week 6, F1,10 = 38.7, P < 0.0001; Week 9, F1,10 = 30.5, P = 0.0003; Figure 5.3b).  
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Figure 5.4 Size frequency graphs of Paracalliope fluviatilis in both low and high exposure 
treatments over the three sampling periods.    
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Parasite infection patterns 

The prevalence of M. poulini was higher in P. fluviatilis from the high 

exposure treatment throughout all sampling periods (Table 5.2). Consistently, the 

mean abundance of M. poulini was higher in individuals from the high exposure 

treatment throughout all the sampling periods (Figure 5.5; Table 5.2). The mean 

abundance and prevalence of M. poulini in P. fluviatilis decreased over time in the 

low exposure treatment (abundance, F2,2999 = 4.6, P = 0.0097; prevalence, df = 1, χ2 = 

17.9, P = 0.0001) and high exposure treatment (abundance, F2, 861 = 11.5, P < 0.0001; 

prevalence, df = 1, χ2 = 33.9, P < 0.0001; Figure 5.5).  

The prevalence of C. parvum in P. fluviatilis was highest in the high exposure 

tanks in week 3 and 6, but there was no difference by week 9 (Table 5.2). The 

mean abundance was also higher in the high exposure tanks in week 3, but there 

was no difference in week 6 or 9 (Figure 5.6; Table 2). The mean abundance and 

prevalence of C. parvum decreased over time in both the low (abundance, 

F2,2999  = 5.0, P = 0.007; prevalence, df = 1, χ2 = 13.8, P = 0.001) and high exposure 

treatments (abundance, F2, 861 = 24.7, P < 0.0001; prevalence, df = 1, χ2 = 37.5, P < 

0.0001; Figure 5.6). 
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Figure 5.5 Mean abundance of Maritrema poulini in three host species, Paracalliope 
fluviatilis, Paracorophium excavatum, and Austridotea annectens, in both low and high 
treatments through the sampling periods (a) week 3, (b) week 6, and (c) week 9. Stars 
represent a significant difference (P < 0.05) between the two treatment groups. Sample 
size of 6 per treatment per sampling period. 
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Figure 5.6 Mean abundance of Coitocaecum parvum in two host species, Paracalliope 
fluviatilis, and Paracorophium excavatum, in both low and high treatments through the 
sampling periods (a) week 3, (b) week 6, and (c) week 9. Stars represent a significant 
difference (P < 0.05) between the two treatment groups. Sample size of 6 per treatment 
per sampling period.  
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Paracorophium excavatum showed similar M. poulini prevalence in both 

treatments and all sampling dates (Table 5.2). However, the mean abundance of 

M. poulini was higher in high exposure treatments during the week 3 sampling, 

but did not differ in week 6 or 9, although the difference was greater in week 6 

(Figure 5.5; Table 5.2). The prevalence and abundance of M. poulini did not vary 

over time in either the low (abundance, F2,85 = 1.0, P = 0.36; prevalence, df = 1, χ2 = 

5.5, P = 0.08; Fig. 4) or high exposure treatment (abundance, F2,83 = 0.80, P = 0.45; 

prevalence, df  = 1, χ2 = 2.5, P = 0.29; Figure 5.5), although the prevalence tended 

to decrease in the low exposure treatment. The prevalence of C. parvum in 

P. excavatum was similar between low and high exposure treatments throughout 

all three sampling periods (Table 5.2). The mean abundance followed a similar 

pattern in the last two sampling periods, however, the mean abundance of 

C. parvum tended to be higher in the high exposure treatment in week 3 (Figure 

5.6; Table 5.2). The mean abundance of C. parvum did not vary between weeks in 

the low exposure treatment (F2,85 = 0.044, P = 0.96) but it varied in the high 

exposure treatment (F2,83 = 4.0, P = 0.022), with the abundance being the highest in 

week 3 and lowest in week 6 (Figure 5.6). The prevalence showed similar trends 

with no difference observed in the low exposure treatment (df = 1, χ2 = 0.59, P = 

0.75) but a trend towards some variation in the high exposure treatment (df = 1, χ2 

= 5.0, P = 0.08).   

The prevalence of M. poulini in A. annectens was higher in the high exposure 

treatments in week 3 and 9, but not in week 6 (Table 5.2). The mean abundance of 

M. poulini followed the same trends, with the abundance being higher in the high 

exposure treatments in week 3 and 9, but only tended to be higher in week 6 

(Figure 5.5; Table 5.2). The abundance and prevalence of M. poulini remained 

consistent in the low exposure treatment (abundance, F2, 126 = 3.0, P = 0.06; 

prevalence, df = 1, χ2 = 4.2, P = 0.12; Figure 5.5).  In the high exposure treatment, 

the abundance and prevalence of M. poulini increased over time (abundance, 

F2, 93 = 4.3, P = 0.02; prevalence, df = 1, χ2 = 14.5, P = 0.007; Figure 5.5). Maritrema 
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poulini was found in only one A. lacustris from a high exposure treatment, 

sampled during week 3.  

 

Multispecies infections 

Multiple infections were found in both amphipod species; C. parvum and 

M. poulini co-infecting 1.0% of P. fluviatilis and 13% of P. excavatum. Co-infections 

of A. galaxii and M. poulini occurred in 0.1% of P. fluviatilis whereas co-infections 

of A. galaxii and C. parvum only were seen in 0.03% of individuals. 

Maritrema poulini and H. spinigera were found co-infecting one of P. excavatum 

(0.6%). Additionally, one P. excavatum (0.6%) was infected with three parasite 

species (C. parvum, M. poulini, and H. spinigera). 

The prevalence of co-infection by both M. poulini and C. parvum in 

P. fluviatilis decreased over time in the high exposure treatment (Contingency 

analysis, df = 1, F2 = 35.3, P < 0.0001), but stayed consistent in the low exposure 

treatment (df = 1, F2 = 4.1, P = 0.13).  The number of multispecies infections in 

P. fluviatilis was higher in the high exposure treatment during week 3 and 6, but 

they did not differ in week 9 (Table 5.2).  

Co-infections by M. poulini and C. parvum in P. excavatum was highest in the 

high exposure treatment in week 3 but decreased in week 6 and week 9 

(Contingency analysis, df = 1, F2 = 5.8, P = 0.046). Conversely, infections by both 

species stayed consistent across sampling weeks in the low exposure treatment 

(Contingency analysis, df = 1, F2 = 0.59, P = 0.74). Multiple species infections did 

not differ between low and high exposure treatments at any sampling period 

(Table 5.2). 

 

5.5 Discussion 

Elucidating the role of parasites in the structure of entire communities, and 

eventually ecosystems, is key to a greater understanding of the functioning and 



Chapter 5: Parasites and community structure 

 -111- 

structure of ecosystems. Empirical, carefully controlled, multigenerational 

experiments are fundamental to reveal the impact of parasites in shaping natural 

systems. My mesocosm experiment demonstrated that parasites can indeed 

shape their host community, impacting recruitment and relative abundance of 

hosts and non-host species. Throughout the experiment, the differences in both 

relative abundance and recruitment between low and high parasite exposure 

treatments were large, indicating that my focal parasite, M. poulini, played a role 

in shaping community structure.  

The presence of the parasites M. poulini and C. parvum appeared to have 

fitness consequences on the amphipod P. fluviatilis. Previous work has shown 

that M. poulini reduces the survival of this amphipod host (Chapter 2; Friesen et 

al., 2017). Consistently, we saw fewer P. fluviatilis amphipods surviving in the 

high exposure treatments. Interestingly, there appeared to be no difference in the 

mean number of eggs per female or number of females with eggs between 

treatments, although previous studies have indicated P. fluviatilis with higher 

parasite abundance (C. parvum or M. poulini) were more likely to have eggs 

(Chapter 2; Friesen et al., 2017). This relationship was only consistently present in 

the low exposure treatment, suggesting other factors may be at play in the high 

exposure treatments. Pairing was also found to be more frequent in the low 

exposure mesocosms. Parasites may be mediating this relationship and affect the 

successful reproduction of this host species (Bollache et al., 2001). Parasites may 

interfere with male-male competition, and reduce the ability of males to form 

precopulatory pairs (Bollache et al., 2001; Rauque et al., 2011). The energetic 

consequences and behavioural impacts of a parasite infection may also be 

reducing the frequency of pairing (Zohar and Holmes, 1998; Bierbower and 

Sparkes, 2007; Rauque et al., 2011). Finally, we also saw a difference in 

recruitment between low and high exposure treatments. Although we were 

unable to examine the impact of parasites in driving selection on the genotypes of 

their host (Roitberg et al., 2001), their ability to affect survival, reproduction and 
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recruitment of P. fluviatilis strongly suggests that M. poulini impacts the 

amphipod’s fitness, which likely has ramifications across the community.  

The shifts in parasite abundance and prevalence within treatments over 

time were likely due to a number of factors, including variation in M. poulini 

cercarial output, host density, and differential survival rates of infected versus 

uninfected hosts. The decrease in M. poulini abundance and prevalence in 

P. fluviatilis over time in both treatments may be due to parasite-induced 

mortality in combination with a higher number of hosts, diluting the actual 

number of parasites reaching each host. In the low exposure treatment, 

recruitment was high enough to continue to increase the overall host abundance, 

but in the high exposure treatment P. fluviatilis populations did not increase in 

size over time despite recruitment and the amphipods regularly added to the 

system. Interestingly, in the other amphipod, P. excavatum, the difference in 

M. poulini abundance between low and high exposure treatments decreased over 

time, with mean abundance nearly identical in the last sampling period, yet host 

population size remained roughly constant. The relationship is not consistent 

with what we would expect from greater parasite infections in the high exposure 

treatment mesocosms, but no additional mortality between treatments was 

observed.  No parasite-induced mortality in this host is the most likely 

explanation.  

The differential parasite virulence between the two amphipod species was 

accentuated within these communities, as the population of P. excavatum did not 

fluctuate with parasite abundance, yet the population of P. fluviatilis was strongly 

impacted by higher exposure to the same species (Friesen et al., 2017). The 

classical study by Park (1948) demonstrated that infection by a shared parasite, 

Adelina tribolii, reversed the outcome of competition between two host species 

(Tribolium castaneum and T. confusum). My amphipods showed a parallel 

association, where a higher exposure to a shared parasite altered the relative 

abundance of each species.  
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Impacts of parasites on the isopod A. annectens were subtler than the 

dramatic differences seen in the amphipod P. fluviatilis. The population of 

A. annectens stayed almost identical between the two treatments, until the last 

sampling period where host abundance was higher in the low exposure 

treatments. Although we have not previously been able to measure an energetic 

cost to infection in A. annectens, a higher abundance of M. poulini in the isopod 

A. annectens increases their activity levels (Chapter 2; Friesen et al., 2017). The 

combination of dietary stress, possibly due to decreasing availability of P. 

fluviatilis, with higher parasite abundance may have eventually lead to higher 

mortality of A. annectens (Lafferty and Kuris, 1999; Coors and De Meester, 2008; 

Goulson et al., 2015).  

Parasite-mediation of pairing success occurred in two of my host species, 

A. lacustris and P. fluviatilis. The direct role of parasites in altering pairing success 

has been previously documented in other systems (e.g., Zohar and Holmes, 1998; 

Bollache et al., 2001), and may play a role in reduced pairing by P. fluviatilis. 

However, as A. lacustris is a very rare host (<1%), the difference in pairing success 

in this species may be due to indirect effects of infected competitors. Past studies 

have suggested that M. poulini in A. annectens affects the distribution of 

A. lacustris, and mediates the competition between these species (Chapter 3; 

Friesen et al., 2018). Behavioural alterations in A. annectens, when infected by 

M. poulini, including increased activity levels and possible changes to their 

aggressiveness, have been suggested to be one of the factors behind the 

microhabitat preferences of A. lacustris (Chapter 2-3; Friesen et al., 2017, 2018). It 

is possible that the same changes in behaviour may reduce pairing frequency in 

A. lacustris, eventually having longer-term consequences in terms of reduced 

mating success and recruitment in communities with high parasite abundance.   

The relative abundance of species within my mesocosms fluctuated 

between the two treatments, showing that the relative abundance of host species 

was altered by parasite mediation within the system. Differences between 
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communities were already evident in the first sampling date and became much 

more pronounced as the experiment continued. Both isopod species and 

P. excavatum achieved a higher proportion of the community when the exposure 

to parasites was higher. The asymmetrical impacts of M. poulini on the different 

crustacean hosts had consequences for the structuring of the entire community. 

In the long run, as this species of amphipod is numerically more abundant, 

parasites may well promote host co-existence (Hatcher and Dunn, 2011).  

Seasonal and temporal fluctuations in M. poulini prevalence in its natural 

host community may in turn have cascading effects on host community 

composition and dynamics. Direct and indirect implications of parasite 

mediation will vary in time, possibly leading to large fluctuations in host 

populations. Temporal variations in parasite communities have been shown to 

impact host demographics in other systems (Grunberg and Sukhdeo, 2017). It is 

thus likely that they will affect top-down and bottom-up trophic interactions 

within this community (Hunter and Price, 1992). Changes in invertebrate host 

populations have implications for other species such as fish and birds that use 

crustaceans as important food resources but are also definitive hosts to many 

parasites. These changes likely will also have consequences on bottom-up 

interactions, such as nutrient cycling and aquatic primary production (Hunter 

and Price, 1992).  

The experimental manipulation of a single focal parasite in this system 

altered community structure, through a multitude of both direct and indirect 

effects as well as interactions between hosts. Although we were able to examine 

the role parasites played in the ecology of these specific intermediate hosts, in 

natural systems they do not occur alone. The presence of predators, and many 

other abiotic factors, such as temperature and salinity, add complexity to these 

relationships (Kunz and Pung, 2004, Médoc et al., 2009, Larsen et al., 2011; 

Chapter 3). As parasites are ubiquitous across all communities and ecosystems, 

they are likely a key and ubiquitous determinant of how a community is 
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structured, and further understanding of these relationships is needed to shed 

light on ecosystem dynamics. 
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Chapter Six 

Temperature stress on crustacean communities: can climate 

change alter how parasites mediate community structure? 
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6.1 Abstract 

Global warming is likely to have significant impacts on ecosystem structure and 

dynamics. Predicting the effects of climate change requires understanding 

interactions among multiple abiotic and biotic factors. Evidence also shows that, 

by influencing key interactions among hosts, both directly and indirectly, 

parasites can affect relative abundance of host and non-host species, ultimately 

altering community and ecosystem structuring. Yet, our understanding of how 

multiple parasites and other abiotic factors interact to alter ecosystem structure 

remains limited. To quantitatively test the role of temperature (abiotic factor) and 

parasites (biotic factor) in shaping communities, I set up a controlled, mesocosm 

experiment using four different treatments with contrasting temperatures (cold 

and warm) and parasite exposure levels (low and high). I used four invertebrate 

species from the same community that share up to four parasite species. I found 

that parasite exposure and water temperature had interactive effects on the host 

community. Population of the amphipod P. fluviatilis decreased substantially 

when experiencing higher parasite exposure and warmer water temperatures. 

Higher temperatures also led to parasite-induced mortality in another amphipod 

host, P. excavatum. However, isopod hosts were affected much less, suggesting 

that predicted temperature rise and higher parasite exposure may increase their 

relative and absolute abundance in the community. Importantly, I found no 

significant interaction between the effects of temperature and parasitism on the 

abundance of crustacean species, indicating that the two factors have 

independent and sometimes additive effects. In light of climate change 

predictions, parasite exposure and rise in average temperatures may have 

substantial impacts on local communities, altering both community structure and 

dynamics. 
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6.2 Introduction 

Global climate change and subsequent effects on temperature and other abiotic 

factors are predicted to have substantial impacts on the structure and function of 

many ecosystems (Cramer et al., 2001; Wrona et al., 2006; MacLeod and Poulin, 

2015a). Climate plays an important role in determining the abundance and 

diversity of parasites and hosts, which subsequently affect host-parasite 

dynamics (Kutz et al., 2009b; Macnab and Barber, 2012; Marcogliese, 2016; 

Labaude et al., 2017). As parasites can play a key role in determining species 

distributions, biodiversity, trophic interactions, and community structure in 

many ecosystems (Chapter 4; Price et al., 1986; Kiesecker & Blaustein, 1999; 

Thomas et al., 1999; Wood et al., 2007), any alterations in parasite dynamics may 

have cascading effects on the whole ecosystem (Darling and Côté, 2008; Lafferty, 

2009; Epstein, 2010; Marcogliese, 2016; Auld and Brand, 2017; Labaude et al., 

2017). Understanding and predicting climate change effects on these interactions 

is thus essential. 

Physiological tolerance and thermal optimum vary widely among species; 

in ectothermic hosts and parasites, external temperature is particularly crucial 

(Quinn et al., 1994). Abiotic changes in the external environment affect the host’s 

internal environment and that of its parasites (Quinn et al., 1994; Marcogliese, 

2001, 2016; Barber et al., 2016). Increases in temperature accelerate biochemical 

reactions and metabolic rates of ectothermic hosts and parasites, decreasing 

survival, particularly for non-feeding, free-living stages of parasites (Quinn et al., 

1994; Helmuth and Hofmann, 2001). Temperature changes can affect host-

parasite interactions, accelerate parasite development and life cycles, increase 

host susceptibility by weakening host defences, and modify parasite-mediated 

competition (Blanford et al., 2003; Lafferty et al., 2004; Cattadori et al., 2008; Larsen 

et al., 2011; Macnab and Barber, 2012; Sheath et al., 2016). For example, 

temperature has been shown to mediate susceptibility in the pea aphid 
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(Acyrthosiphon pisum) to the fungal parasite Erynia neoaphidis, with higher 

temperatures significantly reducing aphid susceptibility to infection (Blanford et 

al., 2003). Evidence also suggests that climate may drive cycles of host population 

abundance through its influence on the survival and transmission of parasite 

infective stages (Cattadori et al., 2005). As temperatures are expected to continue 

to increase in many ecosystems, understanding potential impacts on parasites 

and their hosts is essential for predicting community dynamics in years to come.  

As abiotic conditions change, the outcome of competition between two or 

more hosts sharing the same parasites may vary. One host may be more tolerant 

to infection and thus act as both a reservoir and a superior competitor within the 

community (Park, 1948; Greenman and Hudson, 2000). On the other hand, 

parasites may weaken the stronger competitor and allow for the coexistence of 

competitively inferior host species that are less affected by shared parasites 

(Kiesecker and Blaustein, 1999; Hatcher and Dunn, 2011). Differences in densities 

of parasite infective stages in the habitat, acceleration of parasite growth and 

development, and reduced host survival due to the combination of higher 

infection rates and thermal stress following temperature increase, may all affect 

the outcome of competition among hosts that share the same species of parasites 

(Esch et al., 1975; Studer et al., 2010; Macnab and Barber, 2012). For example, in 

the case of the closely related amphipods Corophium volutator and C. arenarium, 

the presence of trematode infective stages affects the superior competitor 

C. volutator much more than its congeneric rival (Jensen and Kristensen, 1990; 

Jensen et al., 1998). When temperatures rise, parasite transmission rate increases 

and the higher parasite exposure is far more detrimental to the competitively 

superior C. volutator, leading to an increase in C. arenarium abundance (Larsen et 

al., 2011). Increased thermal stress on both hosts and parasites may also have 

unexpected consequences within the community.  

Investigating interactions between climate change effects, such as 

temperature fluctuations, and the role of parasite-mediation in communities also 
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needs to account for the complexity of parasite life cycles (Marcogliese, 2016). For 

instance, consider cercariae, the infective free-living stages of trematode parasites 

that are released into the environment from their first host, an infected snail, to 

find and infect a suitable second intermediate host. Cercariae are extremely 

sensitive to increases in water temperature (Poulin and Mouritsen, 2006; 

Koprivnikar and Poulin, 2009; Koprivnikar et al., 2010). In some systems, rises in 

temperature cause an increase in cercarial production by snail hosts and in 

cercarial swimming activity but also induce a significant reduction in cercariae 

survival (Fredensborg et al., 2004; Koehler et al., 2011). Furthermore, the 

relationship between cercarial output and temperature is not consistent (Poulin, 

2006; Studer et al., 2010; Morley and Lewis, 2013; Marcogliese, 2016). Depending 

on the physiological traits of both host and parasite, there is likely a temperature 

threshold above which cercarial production begins to decrease (Mouritsen, 2002; 

Poulin, 2006; Lagrue et al., 2017). Additionally, survival of cercariae tends to 

decrease with increasing temperature (Evans, 1985; McCarthy, 1999; Studer et al., 

2010). Understanding the interplay between cercarial survival and transmission 

to the next host, as well as the host ability to survive infections and transmission 

attempts while undergoing thermal stress, is vital to making predictions on how 

climate change may impact freshwater invertebrate communities exposed to 

trematode parasites. 

Although we have a growing understanding of some of the direct 

consequences of increasing temperatures on both hosts and parasites (Studer et 

al., 2010; Larsen et al., 2011; Macnab and Barber, 2012; Paull et al., 2012; Altman et 

al., 2016; Labaude et al., 2017) as well as the direct and indirect effects of parasite 

on hosts (Park, 1948; Jaenike, 1995; Bollache et al., 2001; Vivas Muñoz et al., 2017), 

most studies have used small scale, single generation experiments, focusing on 

two host species with one shared parasite. Communities are shaped by parasite-

mediated interactions (Chapter 5), and real communities comprise multiple 

parasite species. Although modelling studies and literature reviews have 
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explored the role of changing temperatures on parasites and host-parasite 

interactions (Poulin, 2006; Marcogliese, 2008; Altizer et al., 2013; Molnár et al., 

2013), empirical tests of the impacts of multiple parasite species on community 

dynamics, through multiple generations, in the context of temperature changes 

are still lacking, at least to the best of my knowledge. The interplay of biotic and 

abiotic factors, such as temperature, competition, and predation, may lead to 

outcomes other than those predicted by studying each impact alone. Therefore, to 

make reliable long-term predictions on how climate change may affect parasites 

and their effects on community dynamics, there is a strong need for controlled, 

multigenerational experiments. 

Here, I examined how differences in temperature and parasite exposure 

affected community structure and dynamics by using mesocosms comprising 

four crustacean host species and four shared parasite species from a well-studied 

benthic lake community. I used two biologically relevant temperatures, 

representing the average and high end of the natural temperature range which 

these species usually only experience for short periods of time but may become 

the norm given predictions in temperature rise. Host species in this system have 

relatively short life spans, providing an opportunity to examine the role of both 

temperature and parasites across several generations. This model system is well 

studied (Poulin, 2001; Lefèbvre et al., 2005; Lagrue & Poulin, 2007, 2008, 2015; 

Luque et al., 2010; Lagrue et al., 2011; Rauque et al., 2011; Friesen et al., 2017; 

Chapter 2-5), allowing us to incorporate previous research into the present study. 

Within this system, parasites are already known to shape their host community, 

impacting recruitment and relative abundance of hosts and non-host species 

(Chapter 5). If temperature modulates parasite-mediation in this community, I 

expect to see differences in parasite abundance, host survival, fecundity, and 

abundance among treatments that vary in parasite exposure and temperature. 
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6.3 Methods 

Study system and animal collection 

In order to examine the role of parasite exposure and temperature in shaping 

host communities, I collected samples of both amphipod species, isopods and 

snails, Potamopyrgus antipodarum, from the littoral zone of Lake Waihola (46q01’14 

S, 170q05’05 E) and Paracalliope fluviatilis amphipods from an oxbow pond off the 

Waitaki River, South Island, New Zealand (44q55’54 S, 171q05’54) in May 2017. In 

the Otago region of New Zealand, where both my sample sites are located, 

temperature is expected to rise by 0.6˚C to 0.9˚C by 2040 and 0.6˚C to 2.8˚C by 

2090. By 2090, this region is expected to get 4 to 25 extra days per year where 

maximum temperatures exceed 25˚C (IPCC, 2014; New Zealand Ministry for the 

Environment, 2016). Lake Waihola water temperatures reach 20 qC during the 

summer months (December-January, Schallenberg & Burns, 2003); sustained 

periods at these temperatures, and above, are likely to become more common. 

Temperature loggers (HOBO Tidbit v2) were placed in Lake Waihola in July 2017 

as part of a longer-term monitoring project. Loggers were placed at a depth of 1m 

and out of direct sunlight, and recorded temperature every hour, with the data 

retrieved every few months.  

The amphipods Paracalliope fluviatilis and Paracorophium excavatum, and 

isopods Austridotea annectens and A. lacustris are frequently found in New 

Zealand lake ecosystems. All four species compete over resources and habitat, 

may face intra-guild predation, and also share a range of macroparasites (Holton, 

1984; Lagrue and Poulin, 2007; Friesen et al., 2017). Both amphipod species are 

host to two trematode species at my study site, Coitocaecum parvum and 

Maritrema poulini. The isopod, A. annectens is also commonly infected by 

M. poulini. Paracalliope fluviatilis also serves as intermediate host to the fish 

acanthocephalan Acanthocephalus galaxii and the amphipod P. excavatum can also 

be infected by the nematode Hedruris spinigera (Luque et al., 2010). Maritrema 
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poulini is also found in A. lacustris but at extremely low prevalence (Presswell et 

al., 2014; Friesen et al., 2018; Goellner et al., 2018; Chapter 5).  

Maritrema poulini uses the New Zealand mudsnail, Potamopyrgus 

antipodarum (first intermediate host), crustaceans (second intermediate hosts) and 

waterfowl (definitive hosts; Presswell et al., 2014) to complete its life cycle. The 

trematode C. parvum shares a similar life cycle but uses fish as definitive hosts 

(Lagrue and Poulin, 2007). As both M. poulini and C. parvum can successfully 

complete transmission between first and second intermediate hosts in a 

mesocosm setting and parasite exposure rate can be controlled, these trematodes 

were selected as focal parasites and used to create low and high exposure 

treatments. Hedruris spinigera uses the amphipod P. excavatum as intermediate 

host and fish as definitive hosts (Luque et al., 2010; Ruiz-Daniels et al., 2012). 

Similarly, the acanthocephalan A. galaxii uses fish as definitive hosts but only 

P. fluviatilis as intermediate host (Hine, 1977). All four parasites are trophically 

transmitted; the life cycle is completed when infected intermediate hosts are 

consumed by the appropriate vertebrate predator. Both nematode and 

acanthocephalan species are found in low prevalence (Chapter 2; Friesen et al., 

2017) and due to their specific life histories, natural transmission cannot easily be 

achieved in the lab.  

Amphipods and A. annectens isopods were captured using dip-nets and 

transported to the laboratory in lake/river water. No amphipod or isopod smaller 

than 2mm in total body length was collected. The mud snail P. antipodarum was 

collected from macrophytes, sediment, and stones in Lake Waihola. Austridotea 

lacustris individuals were collected by hand underneath large rocks near the 

shoreline. Isopods and amphipods were transferred and maintained separately 

by species and sample location in 10L tanks containing aerated lake water and 

aquatic plants (Myriophyllum triphyllum and Elodea canadensis) for food. All tanks 

were kept in the same room under a controlled photoperiod (12 hours dark and 

light) at ambient temperatures (14qC r 0.5qC). 
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Snails were separated into 12-well plates with ten individuals per well in 

approximately 2ml of filtered lake water to determine their infection status. They 

were then incubated for at least 3 h at 20°C under constant light to trigger the 

emergence of cercariae (Hay et al., 2005). Wells were screened for the presence of 

parasite larval stages and cercariae were identified using morphological features 

(Hechinger, 2012; Presswell et al., 2014). Snails in wells containing cercariae were 

further separated and screened again individually. All snails shedding M. poulini 

or C. parvum cercariae were subsequently isolated by infection status and 

maintained in 250ml plastic containers filled with aerated water and food until 

needed in mesocosm experiments. A subsample of uninfected snails was also 

haphazardly selected for use in low exposure mesocosms. These individuals 

were screened once more pre-experiment to confirm their status and then 

screened post-experiment for further verification.  

 

Mesocosm Experiment 

To test the role of parasites and temperature in community dynamics, four 

sets of mesocosms with contrasting levels of parasite exposure and water 

temperature were established. Low exposure tanks contained naturally infected 

crustacean hosts and two uninfected snails, whereas high exposure tanks 

contained naturally infected crustaceans, one snail infected with M. poulini and 

one snail infected with C. parvum. Cold temperature tanks were kept at ambient 

room temperature throughout the experiment (water temperature, 11°C r 1°C) 

and warm temperature tanks were heated constantly (water temperature, 19.5°C 

r 0.5°C). Selected temperatures were within the natural range (4–24 °C), with the 

warm temperature treatment being in the higher range of temperatures recorded 

at this location (Schallenberg and Burns, 2003; Lagrue and Poulin, 2008b).  

Each mesocosm initially contained 20 P. fluviatilis (10 males and 10 females;  

more details below), 15 P. excavatum (sex unknown as it is impossible to 

differentiate sexes without dissection), 10 A. annectens (near identical mixture of 
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large and small individuals in each replicate to include a range of age and sex), 5 

A. lacustris (including one pair to ensure at least one mature female and male per 

replicate), and two New Zealand mudsnails, P. antipodarum, whose infection 

status depended upon treatment type (see above). Numbers of individual 

crustaceans reflect approximately the relative abundance of each species in the 

field. The bottom of each mesocosm was covered with a mixture of sandy 

substrate, small rocks (each approximately 10 × 5 × 2mm), and two large rocks 

(approximately 80-150 × 40-100 × 30-60mm). All tanks were filled with aged lake 

water collected at least a week before the start of the experiment to ensure any 

parasite infective stage had died. All mesocosms were set up in identical 14L 

aquaria (AquaOne © Starter Kit, 315 wide x 185.5 deep x 245mm high, glass sides 

with plastic base and lid). Each tank in the warm treatment included a water 

heater (25w AquaOne © Glass Aquarium Heater). Heaters were turned on at the 

beginning of the experiment after the addition of the animals, to ensure a gradual 

increase in temperature. Thermometers were placed in an equal number of tanks 

of each treatment type and monitored daily. Aquatic plants (M. triphyllum and E. 

canadensis) were added to provide food. Plants were weighed to ensure an equal 

amount of food was added to each mesocosm. All plants were cleaned with 

water and then frozen for 24 hours to ensure that no additional animals or 

parasite infective stages were transferred. 

As I used P. fluviatilis amphipods from two locations, due to differences in 

their naturally occurring levels of parasite prevalence, but water from only one 

location, I tested for potential differences in survival due to this change. 

Amphipods from the Waitaki River were maintained in Lake Waihola water 

prior to the experiment and their survival compared to Lake Waihola amphipods 

maintained in the same conditions (water, nutrients, food, temperature); I found 

no difference in mortality between sampling locations.  I used animals from both 

locations due to natural differences in parasite prevalence (higher prevalence 

amphipods in Waitaki River were used in high prevalence mesocosms). 
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Mesocosms ran for 3 weeks, with 6 replicates per treatment. Each mesocosm 

was supplied with regular input of aquatic plants for food (as described above). 

Twenty P. fluviatilis amphipods were added weekly to simulate natural 

migration of fresh individuals into the area. Amphipods were isolated in small 

containers (250mL plastic containers with aged lake water; one per replicate) 

before transfer to mesocosms. Containers with individuals assigned to the warm 

treatment were gradually brought up to the same temperature as the mesocosms 

using a small incubator over 3 hours, to ensure they were not heat-shocked 

(Quinn et al., 1994). Animals assigned to the cold temperature treatments were 

maintained at ambient room temperature for the same period of time. All 

mesocosms were maintained in the same room, with an even number of each 

treatment type on each shelf. Temperatures of room and water were recorded 

throughout the experiment. 

At the end of the three-week trial, mesocosms were disassembled by 

carefully removing small aliquots of water and sand substrate that were 

subsequently screened by two observers (the same throughout the experiment) 

and all live crustaceans were captured. The few carcasses found during the 

process were discarded from the dataset as time of death could not be 

determined. Each live individual was placed in a small tube with lake water until 

dissection. I performed all amphipod dissections within 72 hours. Individuals 

were placed in the refrigerator (4ºC ± 1 ºC) after collection to reduce oxygen 

consumption and minimize mortality between collection and dissection. I added 

ethanol into tubes containing isopods for preservation; contrary to amphipods, 

ethanol does not affect dissections and parasite identification in isopods. Isopods 

were dissected within one week. Each individual crustacean was measured, 

sexed, and dissected to record the number of individual parasites of each species 

present. The total body length of each individual was determined by measuring 

from the anterior tip of the cephalic capsule to the posterior end of the uropods. 

Isopods smaller than 7-8mm in body length were impossible to sex due to the 
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lack of secondary sexual characters and thus considered juveniles (Chadderton et 

al., 2003; Friesen et al., 2017). I classified amphipods smaller than 1.5 mm as 

juveniles since sex could not be reliably determined. Amphipods and A. annectens 

smaller than 2mm were considered to have hatched in the mesocosm during the 

experiment as individuals selected at the beginning were over this size threshold; 

the same was applied to A. lacustris smaller than 2.6 mm. Egg presence and 

numbers were also recorded for each gravid female. Precopulatory pairs, where a 

male is clasping a female, were also recorded (Sutcliffe, 1992). We defined 

parasite prevalence as the percentage of infected hosts, abundance as the number 

of parasites per host including zeroes, and mean abundance as the mean number 

of parasites per host within a specific sample of hosts.  

 

Statistical analysis 

Statistical analyses were performed in JMP® 12 (SAS Institute Inc, 2015) and 

R statistical software (http://www.R-project.org). I tested for the effects of 

temperature (low and high) and parasite exposure (low and high), as well as 

their interaction, on host abundance using a factorial analysis of variance 

(ANOVA), and compared treatment means using Tukey-Kramer HSD post hoc 

tests for pair wise comparisons. Differences in sex ratios among treatments were 

examined using nominal logistic analysis, again using temperature and parasite 

exposure levels (and their interactions) as main factors. Similarly, differences in 

the number of eggs per female were analysed using a factorial ANOVA and 

Tukey-Kramer HSD post hoc tests to determine if the four treatments differed. 

The proportion of females carrying young and the proportion of male-female 

pairs were analysed using nominal logistic analysis. The relative abundance of 

hosts and parasite abundances were analysed using factorial ANOVAs. Parasite 

prevalence was compared among treatments using a nominal logistic analysis. A 

relationship was considered significant if the p-value was ≤ 0.05 and considered a 

trend if the p-value was 0.05-0.10. All the assumptions of each test were met. 
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6.4 Results 

I used 1440 P. fluviatilis, 360 P. excavatum, 240 A. annectens, 120 A. lacustris, and 48 

P. antipodarum throughout the experiment. Overall, when disassembling the 

mesocosms, I recovered 826 P. fluviatilis, 218 P. excavatum, 151 A. annectens, and 

213 A. lacustris. Five species of parasites, M. poulini, C. parvum, H. spinigera, 

A. galaxii, and an unidentified cestode (Family Hymenolepididae) were found in 

the crustacean hosts. The highest number of individual parasites per host was 42 

for M. poulini (in A. annectens), 5 for C. parvum (in P. excavatum), and 1 for both 

A. galaxii (in P. fluviatilis) and H. spinigera (in P. excavatum).  

 

Study site monitoring 

Hourly temperatures were recorded in Lake Waihola from July 6, 2017 until 

August 19, 2018. Between July 2017 – August 2018, the mean temperature at this 

location was 12.6qC, with a minimum temperature of 0.4qC, and maximum 

temperature of 27qC. During the summer of 2017/2018 (December 1, 2017 – 

January 30, 2018), the mean temperature of my sample site in Lake Waihola was 

21.7 r 2qC (mean r SD), reaching a maximum temperature of 27qC and only 

reaching a minimum temperature of 15.8qC (Figure S6.1). Only 20% of days 

within this period had mean temperatures under 20qC (Figure S6.1). 

Temperatures during the summer of 2018 were some of the highest in New 

Zealand recorded history (Brandolino, 2018).  

 

Host population dynamics 

Absolute abundance of the amphipod P. fluviatilis varied among all four 

treatments; it was much higher in mesocosms with low parasite exposure and 

cool temperature and lower under high parasite exposure and warm temperature 

(effect of parasite exposure: F1,20 = 187.3, P < 0.0001; effect of temperature: F1,20 = 

80.9, P < 0.0001; interaction, P = 0.64; Figure 6.1a). Warm temperature had an 



Chapter 6: Temperature stressors on parasites and community structure 

 -130- 

additive effect with parasites, decreasing the absolute abundance of this species. 

The number of juveniles that hatched within the mesocosm also differed among 

treatments, with a negative relationship between temperature and the number of 

juveniles present (Tables S6.1 and S6.2). Interestingly, there was no difference in 

juvenile numbers due to parasite exposure (Table S6.2). Abundance of 

P. excavatum was lower in warm temperature treatments but did not differ 

between parasite exposure treatments (effect of parasite exposure: F1,20 = 0.0079, 

P = 0.93; effect of temperature: F1,20 = 37.7, P < 0.0001; interaction, P = 0.20; Figure 

6.1a). Abundance of A. annectens was also negatively impacted by temperature 

(effect of parasite exposure: F1,20 = 0.099, P = 0.76; effect of temperature: F1,20 = 5.8, 

P = 0.025; interaction, P = 0.61; Figure 6.1b). Abundance of A. lacustris did not 

differ among treatments (effect of parasite exposure: F1,20 = 0.69, P = 0.41; effect of 

temperature: F1,20 = 2.6, P = 0.13; interaction, P = 0.16; Figure 6.1b). 

Fecundity, assessed as the mean number of eggs per female in each 

treatment (mesocosm replicates pooled), was impacted by parasite exposure but 

not temperature (Table S6.2). However, the presence of eggs (percent of females 

carrying eggs) was impacted by both parasite exposure and temperature, with a 

significant interaction between the main effects (Table S6.2). The presence of eggs 

was highest in the warm temperatures with low parasite exposure, but 

completely absent in warm temperatures with high parasite exposure (Table 

S6.1).  
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Figure 6.1. Comparison of (a) amphipods and (b) isopods species abundance per 
treatment group (mean ± SE) in all four treatment types, low parasite exposure with cold 
or warm temperatures and high parasite exposure with cold or warm temperatures. 
Tukey-Kramer HSD post-hoc test results are reported between all treatment groups per 
species. 
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Host community structure 

The relative abundance of both amphipod species in the invertebrate 

community varied among treatments, differences being most obvious between 

the two parasite exposure levels (Figure 6.2a). Paracalliope fluviatilis relative 

abundance was significantly higher in low parasite exposure treatments, but 

temperature did not make a significant difference (effect of parasite exposure: 

F1,20 = 41.5, P < 0.0001; effect of temperature: F1,20 = 0.26, P = 0.62; interaction, P = 

0.62; Figure 6.3). Paracorophium excavatum abundance also differed among 

treatments (effect of parasite exposure: F1,20 = 13.3, P = 0.0016; effect of 

temperature: F1,20 = 0.19, P = 0.67; interaction, P > 0.43). Relative abundance was 

highest in high parasite exposure treatments but was not impacted by 

temperature (Figure 6.2a).   

Relative abundance of A. annectens differed among treatments (effect of 

parasite exposure: F1,20 = 10.8, P = 0.0037; effect of temperature: F1,20 = 3.8, P = 0.06; 

interaction, P = 0.12), being higher in high parasite exposure treatments, 

particularly the warm temperature treatment (Figure 6.2b). Relative abundance 

of A. lacustris was higher in high exposure treatments (effect of parasite exposure: 

F1,20 = 4.5, P = 0.046; effect of temperature: F1,20 = 0.055, P = 0.82; interaction, P = 

0.50; Figure 6.2b).  
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Figure 6.2 Relative species abundance (as a percentage of the sample community, mean 
± SE) in all four treatment types. Tukey-Kramer HSD post-hoc test results are reported 
between all treatment groups per species if there were significant differences. 
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Parasite infection patterns 

Prevalence of M. poulini in P. fluviatilis differed due to parasite exposure 

(Table 6.1), being higher under high parasite exposure regardless of temperature. 

Mean M. poulini abundance varied similarly among treatments and was higher in 

high exposure tanks but did not differ between temperature treatments (Table 

6.2, Figure 6.3a). Prevalence and mean abundance of C. parvum in P. fluviatilis 

showed a similar pattern, although the abundance of C. parvum also tended to be 

higher in cold temperature treatments (Table 6.2). The prevalence and mean 

abundance of A. galaxii was not influenced by any treatments (Table 6.1 and 6.2). 

In contrast, prevalence of M. poulini in P. excavatum did not differ among 

treatments (Table 6.1). However, mean abundance of M. poulini varied with both 

parasite exposure and temperature, being lower in the high exposure warm 

temperature treatment (Table 6.2, Figure 6.3a); however, the interaction was not 

significant. Together, temperature and parasite exposure had synergistically 

negative effects on the prevalence of C. parvum in P. excavatum (Table 6.1). The 

mean abundance of C. parvum in this host was impacted by temperature, but not 

parasite exposure (Table 6.2, Figure 6.3b). Mean abundance was highest in the 

cold temperature treatments (Figure 6.3b). The prevalence and mean abundance 

of H. spinigera did not differ among treatments (Table 6.1 and 6.2).  

The prevalence and mean abundance of M. poulini in A. annectens did not 

differ among treatments (Table 6.1, 6.2, Figure 6.3a). No parasites were found in 

A. lacustris in any of the treatments.  
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Figure 6.3 Comparison of (a) Maritrema poulini and (b) Coitocaecum parvum parasite 
species abundance per treatment group (mean ± SE) in all four treatment types. Tukey-
Kramer HSD post-hoc test results are reported between all treatment groups per species. 
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Multispecies infections 

Both species of amphipods had multispecies infections; C. parvum and 

M. poulini co-infected 0.85% of P. fluviatilis and 22% of P. excavatum. No co-

infection of A. galaxii and other parasite species was found. Maritrema poulini and 

H. spinigera were found co-infecting two P. excavatum (0.92%). The proportion of 

co-infections by M. poulini and C. parvum in P. fluviatilis were affected by 

temperature but not parasite exposure (Table 6.1). Co-infections in P. fluviatilis 

did not occur in both high temperature treatments. The prevalence of co-

infections in P. excavatum varied both with parasite exposure and temperature, 

with a significant interaction effect (Table 6.1). Co-infections were the highest in 

cold temperature treatments (Table 6.1). Interestingly, C. parvum in P. excavatum 

was only found in individuals that were also infected with M. poulini.  

 

6.5 Discussion 

Assessing and potentially predicting the combined role of temperature and 

parasites in the structuring of communities, and ultimately ecosystems, is central 

to not only a greater understanding of the functioning of ecosystems, but also to 

making accurate predictions on the potential consequences of climate change on 

ecosystems. My mesocosm experiment demonstrated that both temperature and 

parasites can shape host community, strongly impacting relative abundance of 

host and non-host species, through effects on their survival and recruitment. 

Importantly, I found no significant interaction between the effects of temperature 

and parasitism on the abundance (absolute or relative) of crustacean species, 

indicating that the two factors have independent and sometimes additive effects, 

but no synergistic impact. 

Water temperature had species-specific effects on host survival and 

population dynamics. Amphipod survival was strongly affected by temperature. 

Both species had higher mortality rates in warm temperature treatments, which 
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is consistent with previous studies of amphipod-trematode systems (Jensen and 

Mouritsen, 1992; Mouritsen and Jensen, 1997; Studer et al., 2010). Paracalliope 

fluviatilis also appeared to be the most sensitive of the four hosts to both 

M. poulini and C. parvum. Combination of higher parasite exposure with increases 

in temperature is thus likely to have highly contrasting effects on different host 

species. Both M. poulini and C. parvum have fitness consequences for the 

amphipod P. fluviatilis (Chapter 2 and 5; Friesen et al., 2017). The combination of 

high parasite exposure and warm temperature had thus additive negative effects 

on P. fluviatilis abundance. Recruitment of P. fluviatilis was also impacted by both 

temperature and parasite exposure, being lower in high exposure, warm 

temperature treatments where no female carried eggs. Parasite exposure also 

appeared to be an important factor in reducing fecundity and pairing in 

P. fluviatilis. If survival is reduced in warmer environments, higher exposure to 

parasites may exacerbate this and lead to local population collapses of this 

species.  

Population decrease in the other amphipod species, P. excavatum, was also 

likely due to the combination of both stressors. Coitocaecum parvum was 

completely absent from this amphipod species in the low exposure warm 

temperature treatment, and parasite abundance was only slightly higher in the 

other warm temperature treatment under high parasite exposure. The 

combination of temperature and parasite exposure had a negative synergistic 

impact on the prevalence of C. parvum in this species. In contrast to most other 

trematode species, snail hosts have been shown to produce fewer C. parvum 

cercariae in warmer temperatures (Lagrue et al., 2017). However, my results 

suggest that the difference in the abundance of this parasite in P. excavatum is not 

due to temperature alone. Previous research has suggested that this amphipod 

does not show parasite-induced mortality in the absence of other abiotic changes 

(Chapter 2 and 5; Friesen et al., 2017). The lack of infected individuals in the low 

exposure, warm temperature treatment, where no parasite infective stages were 
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added to the system, strongly suggests that mortality of naturally infected 

individuals increased because of thermal stress. Additionally, the abundance of 

M. poulini was negatively impacted by both parasite exposure and temperature, 

although the prevalence did not vary among treatments. These relationships are 

consistent with parasite-induced mortality in P. excavatum, particularly when also 

infected with C. parvum. Increased parasite-induced mortality due to warmer 

temperatures may have significant long-term consequences for this species. 

Disparities in apparent parasite-induced mortality between the two-amphipod 

species were clear in the cold temperature treatments; population size of 

P. excavatum did not vary with parasite abundance while P. fluviatilis populations 

were strongly impacted by higher exposure to the same parasite species. This is 

consistent with previous studies on these species (Chapter 2 and 5; Friesen et al., 

2017). However, this interspecific difference in parasite-induced host mortality 

disappeared with increases in temperature. Both amphipods showed similarly 

higher mortality rates at higher temperature. 

Increased temperature and parasite exposure had different impacts on the 

isopods A. annectens and A. lacustris, especially when compared to the dramatic 

differences seen in both amphipod species. Populations of A. annectens were 

slightly lower in warm temperature treatments, although A. lacustris populations 

did not differ among any of the treatments, suggesting they may have a much 

higher thermal tolerance. Interestingly, the abundance of M. poulini in 

A. annectens did not differ among treatments, although there was a large amount 

of variability. No parasite-induced mortality was apparent in this host. Highly 

variable parasite abundance and very high parasite prevalence are consistent 

with little parasite-induced mortality.  

Relative species abundance fluctuated among treatments according to both 

temperature and parasite exposure. Although the amphipod P. fluviatilis had the 

highest relative abundance in all four treatments, its abundance was significantly 

lower under high parasite exposure. However, the relative abundance of this 
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species did not vary among temperature treatments, likely reflecting the 

simultaneously decreasing abundance of the other amphipod species, 

P. excavatum. Relative abundance of both isopod species were impacted by 

parasite exposure and A. annectens also impacted by temperature, being the 

highest in the high exposure, warm temperature treatment, reflecting the strong 

negative impact of this treatment on populations of both amphipod species. 

Overall, the asymmetrical impacts of temperature and parasite exposure on the 

different crustacean host species had consequences for the structuring of the 

entire community. Populations of isopods A. annectens and A. lacustris remained 

relatively less effected by parasite exposure and temperature variations, 

suggesting that under increased thermal stress both species may become more 

dominant. Increased temperatures may also cause host density to drop below the 

threshold for the minimum parasite transmission rates required for parasite 

persistence (Lafferty and Kuris, 1999). This may lead to localized extirpation 

events.  

Worldwide, surface temperatures are expected to rise and heat waves to 

occur more frequently and last for longer periods (IPCC, 2014). In 2018, New 

Zealand experienced the hottest summer on record, with summer temperatures 

in the study region 2.0°C above normal (Brandolino, 2018). Temperature loggers 

at the study site indicated that 80% of summer days had mean water 

temperatures above 20qC. Based on my study, sustained temperatures at or 

above 20°C can have substantial impacts on invertebrate populations. 

Potamopyrgus antipodarum, the first intermediate host of both M. poulini and C. 

parvum, has a relatively high upper thermal tolerance of 32.4°C at 96 hours 

(Quinn et al., 1994). It is highly likely that they will be able to survive these 

periods and maintain both trematode species, if the parasite species can persist in 

these abiotic conditions. Therefore, persistent heat waves, as seen in the 2018 

summer, combined with parasite exposure may alter local communities.  
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Prolonged heat waves will likely induce significant changes in the species 

composition of communities, particularly if they also influence parasite exposure 

levels. These changes may subsequently affect both top-down and bottom-up 

trophic interactions within communities (Hunter and Price, 1992). Changes in 

invertebrate host populations have implications for other species such as fish and 

birds that consume crustaceans but are also definitive hosts to many parasites. 

Differences in community structure and dynamics, as predicted by our results, 

will also likely have consequences on bottom-up interactions, such as aquatic 

primary production and nutrient cycling (Hunter and Price, 1992). Here, we 

showed that both temperature and parasites can alter community structure in 

synergy, through the differential response of hosts and parasites to their 

environment. Though I quantified the role parasites play in the ecology of these 

specific intermediate hosts under two different temperature regimes, in natural 

systems they do not occur alone and temperature is not the only abiotic shift the 

species will experience through climate change (Epstein, 2010; MacLeod, 2016). 

Many other abiotic factors, such as salinity or pH levels, and biotic factors, 

including the presence of predators, add complexity to these relationships 

(Marcogliese, 2001; Médoc et al., 2009; Epstein, 2010; Larsen et al., 2011; MacLeod 

& Poulin, 2015b; Chapter 4). In light of climate change, I suggest that both 

parasite exposure and increase in average temperatures will have substantial 

long-term impacts on community structure and dynamics. 

 

6.6 Supplementary Materials 

Additional Results 

Sex ratios of P. fluviatilis differed due to both parasite exposure and temperature, 

with a significant interaction (Table S6.1 and S6.2); the high exposure cold 

temperature treatment had a higher proportion of females than males, in stark 

contrast to all other treatments (Table S6.1). The sex ratios in P. excavatum 
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differed between temperature treatments, where both cold treatments had the 

same number or more females than males (Table S6.1 and S6.2) but males 

dominated in the warm temperature treatments. No difference in A. annectens or 

A. lacustris sex ratios was found due to parasite exposure or temperature, 

although there tended to be a higher proportion of females in warm temperature 

treatments (Table S6.1 and S6.2). 

Pairing in P. fluviatilis was higher in low parasite exposure treatments but 

did not differ between temperature treatments (Table S6.1 and S6.2). 

Paracorophium excavatum do not pair and they were never found with eggs in any 

treatment. 

In the isopods, no pairing was observed in A. annectens and no female 

carried eggs. The presence of eggs and pairing in A. lacustris were not different 

among treatments (Table S6.1 and S6.2), although the presence of eggs tended to 

be higher in warm temperature treatments. The mean number of eggs was higher 

in the low parasite exposure treatments (Table S6.1 and S6.2). 
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Table S6.1 Comparison of sex ratios, juveniles, and reproductive measures among four 
treatments. Austridotea lacustris less than 2.6 mm were considered young and hatched in 
the mesocosm. Significant differences are bolded. 
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Table S6.2 Statistical comparison of sex ratios, juveniles, and reproductive measures 
among four treatments. Differences in sex ratios, pairing (%), and the presence of eggs 
(%) were examined using nominal logistic analysis (df = 3). Juveniles, or individuals with 
indeterminate sex due to immaturity, and mean number of eggs per female, were 
compared between treatments using factorial analysis of variance. Austridotea lacustris 
less than 2.6 mm were considered young and hatched in the mesocosm. Significant 
differences are bolded. 
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Figure S6.1 Water temperature of Lake Waihola (46q01’14 S, 170q05’05 E) from July 6, 
2017 to August 1, 2018. The dotted line indicates 20°C. Loggers were placed under water 
and out of direct sunlight. Loggers record the temperature every hour and data retrieved 
every few months. 
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7.1 Thesis Summary and Discussion 

Ecological community structure and dynamics are affected by direct (competition 

and predation), and indirect interactions such as trophic cascades, apparent 

competition and keystone predation (Sih et al., 1985; Wootton, 2002). Yet, none of 

these processes act in isolation. The large number of interactions within all 

ecosystems, including the many species interaction pathways, and the 

asymmetrical strength of these interactions must be integrated into any approach 

trying to explain the structure of communities (Wootton and Emmerson, 2005). 

Further, as we try to gain a better understanding of the ecological factors that 

shape the patterns observed in nature, it is vital to elucidate the important but 

often neglected role of parasites in mediating interactions that shape 

communities.  

In this thesis, I present a series of studies with the overall goal of assessing 

the role and strength of parasite mediation on interspecific interactions in a 

community of freshwater crustaceans. In order to gain a better understanding of 

the strength of parasite-mediation within this community, my studies scaled up 

from examining direct impacts of parasites on individual organisms and 

particular host species, to parasite-mediation of both competition and predation 

interactions among species. I used controlled mesocosms to assess the role of 

parasites in shaping community structure and dynamics. Finally, I used a 

combination of shifts in temperature and parasitism to test their interactive roles 

in shaping host communities.  

As discussed in Chapter Two, the direct impacts of parasites within this 

system varied among both host and parasite species. Parasite-mediated survival 

rates varied among amphipods, with P. fluviatilis showing a reduced lifespan 

when infected by either of the two shared parasites, whereas survival of 

P. excavatum was not affected. In comparison, P. excavatum consistently 

harboured higher abundance of M. poulini and C. parvum (see Chapter 2, 5, and 
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6). Variations in host size and other biological characteristics may lead to these 

differences (Saad-Fares and Combes, 1992; Grutter and Poulin, 1998; Johnson et 

al., 2005; Ruiz-Daniels et al., 2012), although evidence indicates that these 

differences are more likely due to higher parasite-induced mortality in 

P. fluviatilis (Chapter 2; Friesen et al., 2017). The isopod A. annectens did not show 

any effect of parasitism on survival or reproductive parameters, yet more heavily 

infected individuals were more active. Together, these parasite-driven differences 

in survival, reproduction parameters, and behaviour between host-parasite 

species combinations not only had consequences for interspecific interactions, 

including competition and predation between hosts and non-hosts, but 

eventually on the structure of the community, as shown in the mesocosm 

experiments.  

Interestingly, size differences among hosts appeared to have implications 

for host-specific differences in parasite-induced mortality. The smallest host 

species, P. fluviatilis, was the most sensitive to infection through changes in 

survival and recruitment when infected with both C. parvum and M. poulini 

(Chapter 2 and 5). The second smallest host, P. excavatum, only showed parasite-

induced mortality under thermal stress, particularly when infected by C. parvum 

(Chapter 6). Austridotea annectens, which was on average much larger than both 

amphipod species, demonstrated only behavioural changes related to individual 

abundance of M. poulini but no parasite-induced mortality despite the very high 

prevalence and abundance of M. poulini in this host (>80%, Chapter 2 - 6). The 

stark differences between parasite-induced mortality is likely due to a 

combination of factors, (e.g., size and genetic variation of host species), which 

may lead to differential vulnerability to infection (Manlik et al., 2017). However, 

from a community perspective, not only do these differences end up playing a 

significant role in community dynamics, but they may also become a key factor 

for the maintenance of these parasite species as this system continues to 
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experience to the effects of climate change, and the potential loss of habitat 

through both anthropogenic and natural processes.  

Impacts of M. poulini on A. annectens had consequences for both 

interspecific competition as well as predation (Chapters 3 - 4). The direct impacts 

of parasites on host behaviour, particularly in intermediate hosts, have been well 

documented (e.g., Poulin and Maure, 2015) and previous research has indicated 

that A. annectens is more active when infected with M. poulini (Chapter 2; Hansen 

and Poulin, 2005; Friesen et al., 2017). In this system, changes to A. annectens 

behaviour due to the parasite M. poulini impacted its non-host competitor, 

A. lacustris. The natural distribution of the two isopods matched that seen in the 

competition mesocosms involving infected A. annectens, strongly suggesting that 

parasites mediate host interactions in natural environments and shape the spatial 

distribution of a non-infected species (Chapter 3; Friesen et al., 2018).  

Changes in behaviour due to the presence of M. poulini in A. annectens were 

also shown to impact the trophic interaction between this host and a ‘dead-end’ 

predator. In Chapter Four, I tested the role of M. poulini infection on predation 

risk of A. annectens hosts by a dragonfly nymph. Isopods with higher parasite 

abundance were less likely to be caught by dragonfly predators. The 

enhancement of anti-predator responses to avoid dead-end hosts, or the 

lessening of ‘reverse antipredator behaviours’ as seen in our study, has been 

documented in other systems (Médoc and Beisel, 2008; Médoc et al., 2009). As one 

would expect that a prey is doing all it can to avoid predation and survive in the 

absence of a parasitic infection, the enhancement of anti-predator responses may 

seem counterintuitive (Médoc et al., 2009). The answer to this paradox is still 

elusive although it has been suggested that trophically transmitted parasites gain 

nothing from host behaviours such as sexual and foraging activities, and 

therefore induce their hosts to invest more into behaviours that help to avoid 

predation by dead-end hosts (Médoc et al., 2009). This highlights the many yet 
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unanswered research questions regarding the interaction of parasites and their 

environment. 

Bringing together all the differential direct impacts of parasites on the 

different host species, and the impact of parasite-mediation on interspecific 

interactions, I wanted to quantify the role of parasites and parasite-mediation in 

community structure and dynamics. I performed empirical, carefully controlled, 

multigenerational experiments to reveal the impact of parasites in shaping 

natural systems. The mesocosm experiment demonstrated that parasites can 

indeed shape their host community, impacting recruitment and relative 

abundance of host and non-host species (Chapter 5). The presence of the 

parasites M. poulini and C. parvum appeared to have fitness consequences on the 

amphipod P. fluviatilis. The differential parasite virulence between the two 

amphipod species was accentuated within these communities, as the population 

of P. excavatum did not fluctuate with parasite abundance, yet the population of 

P. fluviatilis was strongly impacted by higher exposure to the same parasite 

(Chapter 2 and 5; Friesen et al., 2017). The impacts of increased parasite exposure 

were subtler in both isopod species, with impacts related to parasite-induced 

changes in behaviour of the host A. annectens. The combination of dietary stress, 

possibly due to decreasing availability of P. fluviatilis, with higher parasite 

abundance, which increases activity levels in this host, may have eventually led 

to higher mortality of A. annectens (Esch et al., 1975; Lafferty and Kuris, 1999; 

Coors and De Meester, 2008; Goulson et al., 2015). The very rarely used host 

A. lacustris showed a reduction in pairing success in higher exposure mesocosms, 

possibly due to indirect effects of competitive interactions with infected 

A. annectens (Chapter 3; Appendix 1; Friesen et al., 2018; Goellner et al., 2018). 

Altogether, the asymmetrical impacts of M. poulini on the different crustacean 

hosts had consequences for the structuring of the entire community. In the long 

run, as P. fluviatilis is numerically more abundant, parasites may well promote 

host co-existence (Hatcher and Dunn, 2011).  
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Recent changes in climate and predicted future changes, along with 

pollution, habitat destruction, and other anthropogenic impacts can substantially 

affect biotic interactions in unpredictable ways (Cramer et al., 2001; Parmesan, 

2006; Wrona et al., 2006). Predicting the consequences of increased temperatures, 

as well as other abiotic shifts in light of changing climatic conditions, requires an 

integrated, multifaceted approach examining the role of abiotic stressors in 

altering the nature and strength of both direct and indirect biotic interactions, 

which will consequently alter ecosystems (Parmesan, 2006; Brown et al., 2016). As 

parasites can play a key role in both direct and indirect interactions, any changes 

to parasite dynamics may have cascading impacts on entire ecosystems (Poulin 

and Mouritsen, 2006; Darling and Côté, 2008; Studer et al., 2010; Labaude et al., 

2015; Marcogliese, 2016). In order to better understand the role of both parasitism 

and temperature in shaping communities, I set up a controlled, multigenerational 

mesocosm experiment using four different treatments with contrasting 

temperatures (cold and warm) and parasite exposure levels (low and high) 

(Chapter 6). I found that parasite exposure and water temperature had 

interactive impacts on the host community: they both impacted the community 

differently and at times in an additive manner. As with the nine-week mesocosm 

experiment when hosts were exposed to only one focal parasite, here, exposure to 

two focal parasites, C. parvum and M. poulini, had a similarly negative impact on 

P. fluviatilis but only impacted P. excavatum under thermal stress (Chapters 5-6). 

Isopods were impacted much less, suggesting that predicted long term increases 

in temperature in combination with parasite exposure may shift the balance in 

species community composition, possibly leading to isopods dominating these 

communities.   

Looking forward, in nature none of these species live alone. Ecosystems are 

far more dynamic and complex, accurate predictions are difficult and will require 

more research in the field of host-parasite interactions. Changes to community 

structure, through parasite-mediation, may subsequently affect other trophic 
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levels in both top-down and bottom-up directions within communities (Hunter 

and Price, 1992). Changes in invertebrate host populations, as we observed in 

both mesocosm experiments (Chapters 5-6), have implications for other species 

such as fish and birds that consume crustaceans but are also definitive hosts to 

many parasites. Differences in community structure and dynamics, as predicted 

by my results, will also likely have consequences for aquatic primary production 

and nutrient cycling (Hunter and Price, 1992) 

Overall, my thesis demonstrated that variation in how parasites affect their 

different host species results in community-wide effects. One trematode species 

was shown to affect the distribution of another host species, and mediate 

competition between these host species, as well as alter the hosts’ rate of 

depredation. Variable exposure to the trematode M. poulini influenced 

population dynamics of these hosts. Temperature and parasitism were found to 

have independent and sometimes additive effects on the abundance of 

crustacean species. My results provide new evidence that, by influencing key 

interactions among hosts, both directly and indirectly, parasites affect relative 

abundance of host and non-host species, ultimately shaping community and 

ecosystem structuring. 

Parasites play a vital role in community ecology, yet their role is often 

ignored or oversimplified (Hatcher et al., 2012). Although parasites may be 

responsible for negative impacts on their hosts, they also have the ability to affect 

interspecific interactions and community dynamics, ultimately increasing 

biodiversity, network stability, and mediating species coexistence (Mouritsen and 

Poulin, 2005; Hudson et al., 2006b; Hatcher et al., 2012, 2014; Médoc et al., 2017). 

The role of parasites in a system can be similar to that of regulating predators; 

parasites can shape and regulate community structure. Overall, just like 

producers and free-living consumers, parasites are an integral part of any 

ecosystem, and as my studies clearly demonstrate, omitting parasites from 

ecosystem studies results in an incomplete picture of community dynamics.  
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7.2 Moving forward   

As is the case with most research, my thesis answered some questions but also 

raised additional questions for further exploration.  

In order to more fully understand the role of parasite-mediation within this 

community, developing mesocosms that can integrate other aquatic predators 

present in this system, such as the common bully, damselfly nymphs, and 

dragonfly nymphs, to further account for parasite-mediation of predation 

interactions, may be very beneficial (Kattel and Closs, 2007; Lagrue et al., 2015). 

Further, adding more non-host or rare host competitors, including other 

crustaceans, mysid shrimps, trichopteran larvae, oligochaetes, chironomids, 

hemipterans, and molluscs, may also allow processes such as dilution effects and 

further interspecific interactions to take place (Hall et al., 2009; Johnson and 

Thieltges, 2010; Lagrue et al., 2015). Adding another layer of interactions and 

complexity to mesocosm studies, more closely replicating natural conditions, will 

allow a greater understanding of the role parasites play in community structure 

(Wootton and Emmerson, 2005; Hatcher et al., 2012).  

Alterations in temperature is only one of the many possible abiotic impacts 

of climate change. Other stressors and their interactions, such as changes in 

turbidity, salinity, and extreme weather, will also have consequences for biotic 

systems (Cramer et al., 2001; Parmesan, 2006). The inclusion of additional 

stressors in conjunction with my examination of the role of parasite-mediated 

interactions in shaping ecosystems will improve our ability to predict the 

consequences of climate change on biological systems. 
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A.1 Abstract 

Susceptibility and tolerance to parasite infection vary greatly between host 

species. The congeneric isopod species, Austridotea annectens and 

Austridotea lacustris, often occur in sympatry and can both serve as intermediate 

hosts for the trematode Maritrema poulini. However, the intensity and prevalence 

of infections vary greatly in natural populations, with A. annectens being often 

heavily infected and A. lacustris rarely being infected. To shed light on the factors 

that may be involved in infection avoidance in A. lacustris, 100 isopods were 

collected and experimentally exposed to M. poulini cercariae. To examine for 

potential behavioural mechanisms, we used carbonated water, as paralyzing 

agent, to temporarily stop any movement by the isopods, and exposed paralyzed 

isopods to cercariae. The experimental infection experiments revealed that none 

of the individuals that were exposed to the parasite were found to be infected, 

although some cercariae seemed to have penetrated isopod hosts. Behavioural 
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defence mechanisms do not seem to explain the different infection levels between 

A. lacustris and A. annectens, suggesting a physiological, possibly immunological, 

factor may be present. At the ecosystem level, this suggests a potential dilution 

effect caused by this low-competency host, and its effects on parasite 
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A.2 Introduction 

Parasites are ubiquitous components of animal communities and have been 

shown to regulate the populations of their hosts by affecting their fitness, 

survival, and behaviour (Park, 1948; Bedhomme et al., 2005). Free-living species, 

particularly closely related species, within a community may share the same 

parasite taxa. However, host susceptibility and tolerance to parasites may vary 

within and among species (Park, 1948; Freeland, 1983). Infection levels are 

influenced by several different factors such as host sex, age, size, genetics, social 

and nutritional status, but also by abiotic factors, such as environmental 

temperature and salinity (Côté and Poulin, 1995; Zuk and McKean, 1996; Morand 

and Poulin, 1998; Pietrock and Marcogliese, 2003). 

As hosts are constantly encountering parasites, multiple defence 

mechanisms have evolved to avoid and/or eliminate infections (Hafner et al., 

1994; Danilova, 2006; Schmid-Hempel, 2009). Although the immune system 

might represent one of the most powerful defence mechanisms, the list of 

behavioural adaptations is extensive (Hart, 1990; Stevenson et al., 2011). Changes 

in behaviour by a host can reduce the probability of exposure to parasites and 

hosts can shift habitats (Poulin and FitzGerald, 1989) or change their activity 

patterns (Orr, 1992), amongst other adaptations (Parker et al., 2011). As 

behavioural defences can often be hard to verify experimentally, evidence of 

these changes have often been based on observational studies (e.g., Hart, 1992). 
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Defence mechanisms have developed as a result of a long co-evolutionary 

arms race between host species and their parasites (Ladle, 1992). However, it is 

suggested that each type of defence mechanism often does not operate alone, but 

as part of an intricate defence strategy (Zuk and Stoehr, 2002), of which the full 

complexity is yet poorly understood for many organisms. In order to better 

understand these interspecific interactions, we need to disentangle and study 

these individual defence mechanisms in detail. For this, digenean trematodes 

offer an ideal model system to study specific host-parasite interactions because of 

their ubiquitous presence and wide range of host species with which they have 

co-evolved (Cribb et al., 2001). 

The trematode life cycle is highly complex and typically includes several 

different intermediate and definitive hosts. During a trematode’s life cycle, 

infective free-living stages (miracidia and cercariae) are released into the 

environment, where they need to find and infect a suitable host to ensure the 

continuation of the life cycle. The life cycle of the microphallid trematode 

Maritrema poulini includes three hosts: waterfowl (definitive host), the New 

Zealand mudsnail, Potamopyrgus antipodarum (first intermediate host), and 

crustaceans, isopods (Austridotea annectens or Austridotea lacustris) or amphipods 

(Paracorophium excavatum or Paracalliope fluviatilis) (second intermediate host; 

Presswell et al., 2014).  

In New Zealand freshwater ecosystems, the isopod species A. annectens 

and A. lacustris have been shown to drastically differ in the prevalence and 

abundance of M. poulini. Whereas a prevalence of 71-88% is found for 

A. annectens, only 1.3% of A. lacustris have been found to be infected within the 

last two years (Presswell et al., 2014; Friesen et al., 2017, 2018). Although both host 

species have almost identical body sizes, food preferences, predators, and 

macrohabitats, they are not found in the same microhabitats (Friesen et al., 2018). 

However, as the first intermediate host, P. antipodarum, is ubiquitously 

distributed within the macrohabitat, exposure to M. poulini cercariae and 
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infection risks should be similar for both host species. The low prevalence of 

M. poulini in A. lacustris raises the question of the mechanism(s) behind this 

discrepancy. It is possible that the cercariae have trouble infecting A. lacustris. 

Better defences, either behavioural (e.g., evasive defensive movements) or 

physiological (e.g., impenetrable cuticle or immune function, etc.) may explain 

the low prevalence in Austridotea lacustris. To disentangle the roles of behaviour 

and physiology in parasite resistance, we performed experimental infections on 

A. lacustris with M. poulini infections using either paralyzed or non-paralyzed 

A. lacustris individuals. If a behavioural defence mechanism is exclusively 

responsible for preventing M. poulini infections in A. lacustris, individuals that are 

treated with a paralyzing agent, carbonated water, which acts on the principal of 

asphyxia and causes the temporal narcotization of individuals, should become 

infected more easily as their defences are knocked out. However, if there is no 

difference between groups, it may suggest that another factor, such as an innate 

immune response, may account for low infection success. 

 

A.3 Methods 

Field sampling and trematode identification 

We collected samples of Austridotea lacustris by hand from stones along the 

shore of Lake Waihola (46°01’14S, 170°05’05E) and Tomahawk Lagoon (45°54’S, 

170°33’E), South Island, New Zealand in April-May 2017. Previous studies have 

indicated that infections in A. lacustris are extremely unlikely in these lakes 

(Presswell et al., 2014; Friesen et al., 2018). The mud snail, P. antipodarum, was also 

collected from macrophytes, sediment, and stones along the shoreline of Lake 

Waihola using a dip net. Additionally, we have successfully infected both 

A. annectens and P. fluviatilis in previous experiments (Lagrue and Poulin, 2007; 

unpublished data). Further, the final bird host of M. poulini is easily able to 
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migrate between sample locations. As such, we are confident M. poulini from 

Lake Waihola is able to infect animals from Tomahawk Lagoon.  

Animals were kept alive in 2L plastic containers filled with lake water and 

brought back to the laboratory. Isopods were transferred and maintained in 10L 

tanks containing aerated lake water. Animals were kept at room temperature 

(16°C ± 1°C) with aquatic plants (Myriophyllum triphyllum and Elodea canadensis) 

for food, and under a controlled photoperiod (12 hours dark and light) before 

and after experimental infections. 

Snails were separated into wells of 12-well tissue culture plates with five 

individuals per well and containing approximately 2ml of filtered lake water. To 

trigger the emergence of cercariae, snails were incubated for at least 3 h at 20°C 

with a light source. Cercariae were identified based on morphological features, 

using the keys of Hechinger (2012) and Presswell et al. (2014). All snails shedding 

M. poulini cercariae were subsequently isolated and maintained in 250ml plastic 

containers with aquatic plants (as mentioned above) until they were needed. 

Isopods were identified visually based on differences in the shape of their 

pleotelson (Chadderton et al., 2003). 

 

Experimental exposure of Austridotea lacustris 

To shed some light on which mechanism may prevent M. poulini infections 

in A. lacustris, isopods were artificially exposed to cercariae. To assess whether a 

behavioural defence mechanism, an internal defence mechanism, or a 

combination of both is responsible for preventing M. poulini infections in 

A. lacustris, two groups of isopods were temporarily paralyzed by placing them 

in freshly opened carbonated water (Pams Value Soda Water, 1.5L, made from 

spring water) for 10 minutes, which was sufficient time for isopods to stop 

moving. In parallel, another two groups of isopods were treated with filtered 

lake water. Within each treatment, one group of isopods was exposed to 



Appendix: Different levels of trematode infections in congeneric hosts 

 -200- 

M. poulini cercariae, whereas the other two groups remained as control (no 

exposure to M. poulini cercariae).  

We used a total of 100 isopods collected from Lake Waihola (24 isopods) 

and Tomahawk Lagoon (76 isopods). Isopods were equally distributed among 

the four treatment groups. Immediately prior to experimental infections of the 

isopods, snails were isolated into individual wells of a 12-well plate containing 

2ml of filtered lake water for at least 3 h at 20°C with a light source to induce 

cercarial shedding. We subsequently transferred 20 freshly shed cercariae into 

2ml of filtered lake water in each well of another 24-well plate. Isopods were 

separated into individual wells of a 12-well plate containing either 2ml of 

carbonated water or filtered lake water. Once total body movement of isopods 

stopped in the carbonated water, all individuals were transferred to the 

previously prepared 24-well plates filled with lake water (one isopod per well) 

and half of all wells contained cercariae. Each group of isopods consisted of 25 

individuals. Isopods were exposed for 3h at room temperature under a light 

source. Temporary paralysis lasted the length of exposure. Once exposure 

experiments were completed, each well was re-checked to determine the number 

of remaining M. poulini cercariae. After exposure, isopods were transferred into 

2L plastic containers (separated based on their treatment type) with sand and 

stones and kept at 16°C ± 1°C for a week to allow any successful trematode 

metacercariae to develop and be identified (Benjamin and James, 1987; Presswell 

et al., 2014).  

 

Dissection of isopods 

A week after exposure, isopods were killed in 70% ethanol and rinsed 

with distilled water. Before dissection, animals were sexed and measured (total 

body length). For each isopod, the number of M. poulini metacercariae was 

recorded to estimate parasite prevalence and abundance. We also examined each 

individual for other macroparasite infections to control for the possibility of other 
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infections confounding our results. In this study, prevalence refers to the 

percentage of infected animals and abundance refers to the number of 

metacercariae found within a single individual (Bush et al., 1997).  

 

A.4 Results and discussion  

Evaluation of the experimental infections revealed that a total of 96 of 100 

isopods survived the experiments; of the four dead isopods, three were exposed 

to carbonated water, one was not. As overall mortality rates did not differ among 

treatments, it suggested that our treatment with carbonated water is harmless to 

A. lacustris. In addition, there were no differences in the number of remaining 

cercariae (see Table 1). In this study, we did not observe any M. poulini infections 

in A. lacustris following experimental exposure to cercariae (Table 1). No pre-

infections with M. poulini (acquired naturally in the field) or other macroparasites 

were found. 

 

Table A.1 Experimental exposures of Austridotea lacustris to Maritrema poulini. Samples were 

collected from Lake Waihola and Tomahawk Lagoon, South Island, New Zealand between 

April-May 2017; 25 isopods were used in each exposure and the % infection success in each 

was zero. 

Treatment 

Size (mm) 

Mean remaining 

cercariae in water 

(out of 20) 
Paralyzing Agent Exposure to cercariae 

yes yes 12.31 ± 1.95 2.93 ± 1.61 

no yes 11.70 ± 2.28 2.47 ± 1.45 

yes no 11.97 ± 2.45 - 

no no 12.03 ± 1.98 - 
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Our investigation of possible defence mechanisms against trematode 

infection in A. lacustris suggests that behavioural mechanisms are unlikely to be 

responsible for the very low prevalence of M. poulini in A. lacustris in natural 

populations (Presswell et al., 2014); no infection could be recorded in anesthetized 

and immobile individuals. The low numbers of cercariae remaining in wells after 

the experiments suggest that M. poulini penetrate A. lacustris but does not 

successfully form metacercarial stages. Although, we did not check isopods for 

signs of penetration for confirmation, the low numbers of remaining cercariae in 

both paralyzed and un-paralyzed treatments support this explanation. Direct 

consumption of free-living parasite stages, such as cercariae, by predators is a 

possibility in many systems and has been shown to play a significant role in 

shaping parasite transmission success (e.g., Welsh et al., 2017). However, we were 

able to exclude the possibility of predation on cercariae within the paralysed 

group, as they were incapable of movement. Since we did not observe difference 

in the number of remaining cercariae in the well-plates between paralysed and 

unparalysed groups, we conclude that predation is not responsible for the lack of 

infections in A. lacustris. Our results therefore suggest that a non-behavioural 

defence mechanism, such as an immunological response, may be reducing the 

chances of successful infection by the parasite.  

Taken together, the inability of cercariae to successfully develop in 

A. lacustris in laboratory experiments and the very rare occurrence of M. poulini 

infections in natural populations suggest that this species is a poor intermediate 

host for the trematode. As M. poulini cercariae might not be able to differentiate 

between A. lacustris and A. annectens, the attempt to infect the unsuitable isopod 

species would lead to the death of the cercariae. Such processes are well known 

from other trematodes, such as avian schistosomes that die upon penetration of 

an unsuitable mammalian host  (Soldánová et al., 2013; Horák et al., 2015). At the 

ecosystem level, this could lead to a reduction of infective stages in the habitat, 

and to a parasite ‘dilution effect’, where increased species diversity, including 
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non- or low-competency hosts, leads to reduced disease risks (Keesing et al., 

2006). Dilution effects have been observed and described for diverse ecological 

communities that can mediate infection levels (Morand and Guégan, 2008; 

Johnson and Thieltges, 2010), as well as in the context of biological invasions, 

where introduced species can lead to reduced parasite transmission in a system 

(reviewed in Poulin et al., 2011; Goedknegt et al., 2016; Lagrue, 2017). In our case 

the dilution effect would be due to an endemic species being a low-competency 

or dead-end host and could therefore play an important role in the transmission 

dynamics of trematodes in the ecosystem. Although prevalence of M. poulini in 

the sympatric species A. annectens reaches 71-88% (Friesen et al., 2017), a potential 

dilution effect by A. lacustris might slow down the incidence rate by some degree.  

While this is currently only hypothetical, mesocosm experiments with 

both isopod species and infected snails could shed some light on such potential 

interactions and whether they might be playing a role in shaping the host-

parasite community structure. Furthermore, recent molecular studies have 

revealed high intraspecific genetic diversity within A. lacustris and A. annectens, 

indicating these might be cryptic species complexes (McGaughran et al., 2006). 

Further investigations of different host populations across New Zealand could 

examine possible differences in host-parasite dynamics amongst closely related 

species. Based on the findings of the present study and previously published 

data, further research should be conducted to further elucidate the mechanisms 

responsible for preventing M. poulini infections in A. lacustris, any mechanisms 

present in the congeneric A. annectens, and their potential consequences at the 

ecosystem level.  

 

 


