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Abstract
Tylodelphys sp. metacercariae are a unique diplostomid trematode larval-stage
that infects the eyes of their second intermediate fish host, the common bully
(Gobiomorphus cotidianus).

These metacercariae are free-moving (non-

encysting) and inhabit the vitreous chamber of the eye, between the lens and
the retina. Like other diplostomid trematodes, Tylodelphys sp. is trophically
transmitted and dependent on the consumption of the second intermediate
host by the definitive host. Considering that visual obstruction resulting from
parasite-induced cataracts has been shown to reduce a fish’s ability to avoid
artificial avian predation, I hypothesised that selection on Tylodelphys sp.
would favour 1) a behaviour that obstructs the vision of its fish host during the
foraging time of its avian definitive host, and 2) occupation of the lower region
of the eye, obstructing visual information originating from the water’s surface.

Ocular obstruction within the eyes of sedated hosts was assessed via an
ophthalmoscope. Tylodelphys sp. exhibited a clear diel behaviour pattern, with
the metacercariae primarily occupying the lower region of the vitreous
chamber at night and expanding into the central region during the day. This
increase in visual obstruction specifically during the foraging time of the
parasite’s definitive host strongly suggests that the parasite’s activity pattern
is adaptive. Further, an analysis of the visual processing region of the brains of
infected bullies revealed an effect of Tylodelphys sp. number on the amount of
neural activation. Fish with higher numbers of metacercariae showed a
significant increase in neuronal activity when exposed to a flashing light
stimulus, a trend not present in control fish (no light exposure).
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To determine if the visual obstruction resulting from Tylodelphys sp. infection,
and the subsequent alteration to visual processing, impairs the host’s ability to
respond to visual cues, bullies were exposed to a bright flashing light during
the day and at night. Fish with higher numbers of metacercariae in their eyes
were significantly less likely to respond to the stimulus during the day when
visual obstruction is greatest; however, this trend did not exist at night when
visual obstruction is reduced.

Finally, I assessed the body condition and feeding ability of Tylodelphys sp.
infected bullies as a proxy for host foraging ability. Considering the energetic
demand parasites exert on their host, a negative selection may occur on a diel
behaviour pattern that significantly impairs the host’s ability to forage.
However, the results revealed no effect of parasite burden on the body
condition of wild bullies or their ability to detect and respond to prey
introduced into a tank.

Overall this thesis shows a diurnal activity pattern of Tylodelphys sp.
metacercariae that coincides with the foraging time of the definitive host. The
resulting obstruction of the visual field appears to be intensity-dependent,
resulting in alteration to the visual information processed by the brain, as well
as reducing the fish’s response to visual stimuli. This visual obstruction,
however, does not appear to impair a bully’s performance and health in the
field, or its ability to capture prey under lab conditions.
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Chapter One

General Introduction

Chapter One: General Introduction

“Like pornography, parasites elude definition, and to
paraphrase Justice Steward, may be known primarily
when we see them.”
-

Janice Moore (2002)

The term parasite is incredibly broad, and many attempts have been made
to develop an all-encompassing definition. However, none of these seem
to fully cover the spectrum of what we call “parasites.” One such
definition classifies parasitism as a form of symbiosis, in which one
organism benefits at the expense of another (though this is not always the
case) (Hart, 1990; Moore, 2002). Although it is doubtless that one could
find exceptions, countless “parasites” fall under such a classification,
including “proto-life” (e.g., viruses), “micro-predators” (e.g., ticks,
mosquitos),

and

“brood-parasites”

(e.g.,

cuckoo-finch,

cuckoo-

bumblebees). Considering terminology is meant to further our ability to
convey ideas and information, thinking of “parasite” in its broadest sense
can prove quite cumbersome.

To simplify matters, I will limit the

definition of “parasite” in this thesis to those organisms that may be
foremost in many minds when the word is heard. From here on a parasite
will be a eukaryotic organism that has a trophic interaction with its host,
imposes a direct cost to the host though does not kill it directly, and has at
least one obligate host-associated life stage (i.e., is dependent on the host
to complete its life cycle).
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1.1 The Behavioural Ecology of Parasite-Host Interactions

In this chapter I have broken down the behavioural ecology of parasitehost interactions into three components. First I discuss how the host
responds to parasites, with an emphasis on behaviours resulting from
pathology, parasite avoidance strategies, and behavioural tolerance of
infection. I follow this by discussing the behaviour of parasites, focussing
on host seeking, host recognition, and site selection. Lastly, I will discuss
ways in which parasites manipulate the behaviour of their host to further
transmission. I will attempt to give several examples of each of these,
though the examples discussed are by no means universal. They are,
however, common among many different species of parasites, and like the
different parasitic life-histories, have often arisen independently as a result
of similar selection pressures.

1.1.1 Host Ethology
Almost every, if not all, animal species are susceptible to parasitic
infection, with a costly relationship to the host. The conventional approach
of studying parasite-host interactions has largely centred around
epidemiological investigations and the impact of infection on host
physiology (Holmes and Zohar, 1990; Gunn and Pitt, 2012). This is not
surprising considering the diverse and sometimes drastic effects of
parasite pathology (Gunn and Pitt, 2012). For instance, some parasites are
relatively benign, resulting in little adverse consequence of infection, or at
least subtle enough to avoid the notice of researchers. At the other end of
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the

spectrum,

some

parasites

can

be

highly

virulent,

severely

handicapping the host, while others completely eliminate the fitness of the
host via castration (Kuris, 1974; Blower and Roughgarden, 1988).

Altered behaviours can arise in infected hosts as a by-product of parasite
pathology. For instance, parasites obtain energy and nutrition from their
hosts, resulting in a metabolic drain (Barnard, 1990). Other modes of
metabolic demand may stem from the host’s response to infection, such as
the repair of damaged tissues or a costly immunological response to the
foreign pathogen (Barnard, 1990; Lochmiller and Deerenberg, 2000). This
energetic drain on the host can result in reduced activity, lethargy, and
depression (Holmes and Zohar, 1990). Infection can even result in hosts
acting in the same manner they would if they were healthy and put
through intense exercise or withheld nutrition (Dobson, 1988). Damage to
host tissue, such as muscles, nerves, or sensory organs, is another obvious
example of a proximate cause of altered behaviour (Lafferty and Shaw,
2013). For example, a high burden of the trematode Curtuteria australis in
the foot of the New Zealand cockle (Austrovenus stutchburyi) can severely
impair its burrowing ability (Thomas and Poulin, 1998; Tompkins et al.,
2004).

It may seem self-evident that parasitic infection will result in host
“sickness” with a consequential behaviour response. However, the degree
to which this manifests is highly variable; the behavioural response is
dependent on the parasite community, parasite intensity, and it can vary
within (individual or population) and among species (Cox, 1982; Behnke,
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1990). Like the pathology itself, the resulting altered behaviour can have
far-reaching

ecological

consequences,

and

it

can

interfere

with

fundamental tasks such as foraging, predator avoidance, and mate
selection (Barnard and Behnke, 1990; Moore, 2002).

Several host behaviours are not consequences of infection (they can be
displayed by uninfected animals) but rather host adaptations against
infection. For instance, potential hosts may behave in ways that can reduce
the chances of encountering and acquiring parasites, thus avoiding the
potentially negative pathological and behavioural outcomes (Hart, 1990;
Moore, 2002). These “behavioural avoidance strategies” range from
conspecific grooming and altered mate selection, to selective foraging and
vector avoidance. One common strategy is the avoidance of faecal
contamination. For instance, red howling monkeys (Alouatta seniculusin)
will defecate in vegetation gaps, reducing the probability of contaminating
potential food sources with the eggs of directly-transmitted parasites, such
as gastrointestinal nematodes (Gilbert, 1997). Ungulates will often choose
to graze in areas with lower concentrations of faeces over areas with
greater contamination, thereby consuming fewer parasite larvae (van der
Wal et al., 2000; Cooper et al., 2000; Hutchings et al., 2003).

Once infected a host may exhibit behaviours that actively combat
infection, or limit its impact on the host, acting as the second line of
“behavioural defence.” For example, dietary shifts can sometimes occur
post-infection, with a subsequent increase in the consumption of plants
containing anti-parasitic compounds or high dietary fiber that may
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physically dislodge intestinal worms (de Roode et al., 2013). This selfmedication, though often anecdotal, is well documented in many
primates, including humans, as well as a variety of other animals
including pigs (Punicum granatum), Indian elephants (Elephas maximus),
fruit flies (Drosophila melanogaster), and woolly bear caterpillars (Grammia
incorrupta), to name a few (Clayton and Wolfe, 1993; Lozano, 1998;
Huffman, 2003; Milan et al., 2012; de Roode et al., 2013). Behavioural fever
is another method of combatting infection, and has been documented in
several ectothermic species (Rakus et al., 2017). For instance, when placed
into a thermal gradient, Mediterranean crickets (Gryllus bimaculatus)
infected with the intracellular pathogen Rickettsiella grylli position
themselves in the warm extreme, resulting in higher body temperature
and consequently retarded parasite development (Louis et al., 1986).

1.1.2 Parasite Ethology
The first challenge a parasite must overcome while completing its life
cycle is for its free-living infective stages to encounter a suitable host.
Parasites with direct life cycles, such as ectoparasites, often rely on hosthost contact to further transmission. Some parasites with indirect life
cycles have intermediate stages that remain stationary or dormant, and
must be consumed by the host to further transmission. These types of
transmission strategies are dependent on the behaviour of potential hosts
to facilitate their infection, though a degree of host determination may be
involved as discussed below. Others, however, take it upon themselves to
actively seek out potential hosts.
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Naturally, as the parasite obtains energy from the host, the energy store of
these host-seeking parasites is limited and, by extension, the time in which
they must complete the task is limited as well. It is no wonder then that
adaptations have arisen across species to help further the chance of
encountering potential hosts. For instance, the time at which infective
stages are released into the environment to seek new hosts can be
synchronised with the activity pattern on the target host species (Théron,
1984; Combes et al., 1994). This helps lessen the temporal constraint of
encountering the host (discussed further in Section 1.2.1 of this chapter). A
high reproductive capacity is another potential method of increased
success. Cercariae (a trematode larval stage), for example, are produced by
the thousands as genetic clones, and although the success rate for each
individual is likely low, many will encounter a potential host (Combes et
al., 2002).

Cercariae are also a remarkable example of parasites using host-targeted
movement strategies, which can be seen in other types of parasites as well.
The morphological adaptations of cercariae allow for specialized
swimming (e.g., spinning, swimming to the top of a water column and
sinking, crawling along substrate) that increases the likelihood of
encountering the target host (Haas, 1994). Although many parasites are
effectively blind, specialized senses can facilitate finding a suitable host.
To again use cercariae as an example, some species possess light sensitive
cells that allow for the detection of movement via changes in light
intensity (Haas, 1994). They can then adjust their swimming towards what
may be a potential host. Another example can be seen among leeches that
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possess advanced chemosensory organs that allow for the detection of
potential hosts (Galun, 1975; Blackshaw and Nicholls, 1995).

Once a parasite encounters a potential host, it must determine its
suitability as a host. This is particularly vital for host-specific species and
those in which infection is irreversible. Leeches, for example, use the same
chemosensory strategy discussed above to stimulate feeding behaviour
after they have come in contact with a potential host (Elliott, 1986).
Although the mechanisms are not well understood, some nematodes are
thought to distinguish the quality of potential hosts, adjusting host choice
accordingly (Campbell and Lewis, 2002). For instance, some species will
disproportionately infect potential hosts that are already harbouring other
nematodes (e.g., Grewal et al. 1997). This allows the nematode to invade a
host with a compromised immune response, and increases the chance of it
encountering a mate (Campbell and Lewis, 2002).

Lastly, after a parasite has found a potential host and confirmed its
suitability, it may then be necessary to migrate to a specific microhabitat
on or within the host. For instance, cercariae of some species will penetrate
the epidermis of their host, use light cues to orientate themselves, and then
migrate along the host’s nerves to a specific tissue within the body where
they encyst as metacercariae, the next trematode larval stage (Sukhdeo
and Sukhdeo, 2004; Grabe and Haas, 2004; Matisz et al., 2010).
Ornithodiplostomum sp. metacercariae take this one step further, migrating
to the liver of the fathead minnow (Pimephales promelas), presumably
feeding on the tissue while they mature, and then will migrate out of the
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liver, approximately twelve days after infection, to the surrounding body
cavity where they encyst (Matisz and Goater, 2010). Similarly,
ectoparasites, such as certain monogeneans and copepods, will migrate
along the host’s body to specific anatomical structures (e.g., gills, fins)
using chemical and tactile senses (Ramasamy et al., 1985; Lo and Morand,
2001; Whittington and Ernst, 2002).

1.1.3 Parasitic Manipulation
The manipulation of a host’s phenotype to further the transmission of a
parasite is a common phenomenon. There are numerous routes of
transmission, and parasitic manipulation of host traits has been
documented across a variety of directly and indirectly transmitted parasite
taxa (Thomas et al., 2005; Poulin, 2010). The most well-known, and
arguably most fantastic, examples of these involve altering traits of an
intermediate host to increase the chance of consumption by the definitive
host.

Such examples have been documented in every major taxon of

trophically-transmitted parasite (Moore, 2002). One means by which this is
accomplished is the alteration of the host’s appearance to make it more
conspicuous to the definitive host. A notable example comes from the
Leucochloridium spp. trematodes, which migrate to the tentacles of
terrestrial snails, form conspicuously-coloured broodsacs, and pulsate
rapidly; the snails’ eye stalks consequently resemble a caterpillar,
presumably resulting in increased predation by the definitive bird host
(Moore, 2002; Wesołowska and Wesołowski, 2014). Another well-known
instance of altered appearance is seen in a species of ant (Cephalotes atratus)

9

Chapter One: General Introduction

infected with a nematode parasite that causes their abdomen to turn bright
red (Yanoviak et al., 2008). This results in the abdomen mirroring the
appearance of a berry, and is thought to attract the definitive host, a
frugivorous bird (Yanoviak et al., 2008).

The alteration of the host’s behavioural phenotype can also be used to
further the life cycle of the parasite. There are too many examples to fully
cover in this introduction; Moore (2002) provides a wonderfully
comprehensive review of the subject. Most instances of parasite
manipulation of behaviour help further the dispersal of the parasite or
increase the likelihood of predation by the definitive host. For example,
the C. atratus ants discussed above will, when infected with the nematode,
climb into the canopy

of fruit-bearing trees and raise their abdomen

alongside red berries, furthering the fruit mimicry (Yanoviak et al., 2008).
Terrestrial insects infected with mature nematomorph worms will seek
out and jump into water (Thomas et al., 2002). This behaviour all but
guarantees the death of the host, but transfers the parasite to an aquatic
environment in which it can complete its life cycle.

Taking into account the intimate relationship between parasite and host, it
is unlikely that no behavioural alterations would occur post-infection. This
has made it difficult to determine if parasite-mediated behaviours are the
result of adaptive manipulation to further the fitness of the parasite, or
simply a by-product of infection, as discussed in Section 1.1.1. The only
concrete way to make this distinction is to determine if the altered
behaviour results in a fitness benefit for the parasite (Poulin, 2010). This is,

10

Chapter One: General Introduction

however, difficult to substantiate in a lab environment, let alone a natural
one, and has only been confirmed in a handful of studies (Poulin and
Maure, 2015). Speculation is often used to link the altered behaviour with
the transmission strategy of the parasite, such as proposing an apparent fit
between the behaviour of an infected intermediate host and the foraging
behaviour of the parasite’s definitive host.

By determining, and scrutinizing, the mechanisms that facilitate parasiteinduced changes in behaviour, we can gain a greater understanding of its
role in the parasite-host dynamic. For instance, a complex proximal cause
is less likely to have arisen by chance and may indicate a selection
pressure for its occurrence (Poulin, 1995). Consider the protozoan
Toxoplasma gondii. Infection results in reduced cognitive ability in the
intermediate rat host, alongside increased activity and exploratory
behaviour and reduced neophobia (see Webster, 2007). Some infected rats
have even been shown to lose fear of, and sometimes develop an attraction
to, the odour of felids, the parasite’s definitive host (Berdoy et al., 2000;
Webster, 2007). These behaviours appear to stem from aggregation of the
parasite in, and subsequent inflammation of, the amygdala and
hypothalamus, increased dopamine synthesis, and the activation of sexual
arousal pathways when rats are exposed to the odour of the definitive
host (Hermes et al., 2008; Berenreiterová et al., 2011; House et al., 2011;
Haroon et al., 2012; Rohrscheib and Brownlie, 2013). This complex cascade
of mechanisms seems unlikely to have arisen by chance, and suggests that
the altered behaviour is the result of natural selection furthering the
transmission of the parasite.

11

Chapter One: General Introduction

1.2 Biorhythms

Like the above inference of complex mechanisms and altered behaviour,
the existence of biological rhythms of a host or parasite that benefits either
organism is likely the result of natural selection on the complex molecular
pathways that facilitate the rhythm.

Fundamental aspects of biological regulation, such as cellular function,
hormone production, and gene transcription and translation, also include
the implementation of negative feedback loops (Roenneberg and Merrow,
2003; Ko and Takahashi, 2006). This provides a means of stabilising these
functions through internal autoregulation. Naturally, this leads to
oscillations in these systems due to delays in the loop. To promote
equilibrium, selection often acts to dampen the amplitude of these
oscillations (Menaker, 2002). In some instances, however, the frequency
and amplitude of these oscillations have been refined to mirror
environmental rhythms (i.e., diel, lunar, tidal, annual) (Menaker, 2002).
These biological rhythms function as endogenous pacemakers that allow
organisms

to

synchronise

life-history

events

with

predictable

environmental fluctuations.

1.2.1 Biorhythms and Parasites
Biological rhythms are ubiquitous across all life, be it from dinoflagellates
to plants and animals (Melorose et al., 2002). It is hardly surprising, then,
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that the interactions of hosts and parasites can be influenced or shaped by
these rhythms, and that host-parasite interactions may conversely impose
selection pressure on these rhythms (Martinez-Bakker and Helm, 2015).
For instance, the immune competence of hosts can fluctuate along diel (24hour) and annual rhythms, influencing their susceptibility to infection
(Silver et al., 2012; Langwig et al., 2014).

The circadian and annual

behaviours of the host (e.g., daily activity, seasonal migration) can also
influence the probability of encountering the parasite (Hosseini et al.,
2004). Martinez-Bakker and Helm (2015) provide the first comprehensive
review on biological rhythms and host-parasite interactions, detailing the
known interactions of disease ecology and chronobiology (the study of
biology across time). It is evident from their review and the relevant
literature, however, that the research in this field has predominately
focused on the biological rhythms of the host, including their disease
susceptibility

and

immunology,

rather

than

on

parasite-specific

traits/factors.

Some parasites have been shown to express diel rhythms that help further
transmission. This is especially apparent with parasites that have indirect
life cycles that time the release of infective stages with the activity pattern
of the host. Adult Echinostoma caproni, for example, have increased egg
production at times when the current host is likely to be most active,
allowing for a greater distribution of the eggs (Platt et al., 2013). Other
trematodes have been shown to use environmental cues, such as light or
temperature, to time cercariae release with host availability or activity
(Théron, 1984; Combes, 1991; Pechenik and Fried, 1995). However, there
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are multiple other aspects of a parasite’s life that may be under the control
of biorhythms, such as the ability to manipulate host behaviour, for
instance. These remain relatively unexplored to date.

1.3 Objectives

As we have seen, host species display a remarkable array of parasitemediated behaviours. Despite our ever growing knowledge regarding the
behavioural ecology of host-parasite interactions, the mechanisms behind
altered host behaviour are often unknown. Further, little is known of the
behaviours of internal parasites, and how such behaviours may interact
with the behaviour of the host. Lastly, although biological rhythms are
present in parasites and hosts, few studies have addressed this in the
context of behavioural ecology. The main goal of this thesis is to study the
diel behaviour pattern of a trematode metacercariae, and how this may
influence the behaviour and sensory perception of the host.

The study species is Tylodelphys sp. (Trematoda: Diplostomidae), a
trophically transmitted helminth with a complex three-host life cycle (Fig.
1.1). The metacercariae inhabit the vitreous chamber of the eyes of New
Zealand common bullies (Gobiomorphus cotidianus) (Blasco-Costa et al.,
2016), and consumption by the definitive host, a piscivorous bird, is
essential for completion of the life cycle. Due to the distribution of the
parasite within Central Otago, the most likely definitive host appears to be
the Australasian crested grebe (Podiceps cristatus australis). Other
diplostomid eyeflukes, such as Diplostomum spp., encyst in tissue and
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impair the vision of the intermediate host via the formation of cataracts.
This clouding of the host’s eye lens has been shown to reduce the fish’s
predator avoidance ability, resulting in increased consumption by the
definitive host (e.g., Seppälä et al. 2004). Tylodelphys sp. metacercariae,
however, remain unencysted within the vitreous chamber, and do not
result in cataract formation.

Figure 1.1 The three-host life cycle of Tylodelphys sp. (Trematoda: Diplostomidae).
Eggs (e) are shed with the faeces of the avian definitive host (DH), and hatch into
the miracidium larval stage (m). The miracidium infects, and develops within,
the first intermediate host (IH1), a freshwater snail. The cercarial larval stage (c) is
released into the water column, where it will infect the second intermediate host
(IH2), the common bully (Gobiomorphus cotidianus), and develop into
metacercariae. The bully is consumed by the definitive host, where the
metacercariae develop into the adult stage, completing the life cycle.
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Considering that Tylodelphys sp. metacercariae are mobile and active
between the lens and the retina of the intermediate host, this system
provides an opportunity to study the behaviour of an internal parasite,
and how said behaviour may affect the behaviour of the host. The specific
questions addressed in this thesis are:

1. Do Tylodelphys sp. metacercariae exhibit a diel behaviour pattern? If
selection pressure exists to impair the vision of the fish, visual impairment
should be greatest during the foraging time of the definitive host.
2. Does Tylodelphys sp. obstruction alter the amount of information processed
by the visual cortex? If obstruction of the retina occurs, changes in visual
processing may indicate altered visual acuity, and thus an altered
response to environmental stimuli.
3. Do Tylodelphys sp. alter the behavioural response of the host to a visual
stimulus? If obstruction reduces visual acuity, fish should be less likely to
respond to a visual stimulus, and this should change as a function of any
diel behaviour pattern of the metacercariae.
4. Does infection alter feeding behaviour? Tylodelphys sp. is dependent on the
host for energy, and the survival of the host to further its life cycle. The
effect of the metacercariae on feeding behaviour provides insight into the
selection pressure on the metacercariae’s behaviour.

Additional experiments were performed, including a study of the
response of the common bully to predatory threats. Unfortunately, the
limited and preliminary results of these studies provided little insight into
the behavioural impact of Tylodelphys sp.; they have therefore been
included as appendices rather than full chapters.
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1.4 Thesis Structure

The main data chapters of this thesis were prepared in manuscript style
for submission to peer-reviewed journals. Consequently, a degree of
repetition occurs among the chapters. I am the first author of the chapters,
and have carried out the research, analysed the data, and written the text.
Technical help and constructive criticism was provided by co-author(s)
and colleagues. Additional studies are provided as appendices. The results
of these studies do not warrant being in the main text, though they are
discussed in the general conclusion.

Chapter
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General Introduction

Two

Possible mechanism of host manipulation resulting from a diel behaviour
pattern of eye-dwelling parasites?
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eyefluke-infected fish
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Four

Time-dependent stimulus response of common bully infected with eye
flukes

Five
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Six
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App. 1

Interesting and not so interesting predator avoidance behaviours
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Possible mechanism of host manipulation resulting from a
diel behaviour pattern of eye-dwelling parasites?

Chapter Two: Tylodelphys sp. Diel Behaviour

2.1 Introduction
While there are many well documented examples of altered behaviour in
parasitised hosts, ranging from simple twitching to complex changes in
host personality (see Moore, 2002; Thomas et al., 2005; Poulin, 2010), it
remains difficult to categorise a change in host behaviour as either a
fortuitous by-product of infection or a genuine adaptive manipulation,
and to determine how it alters the selection pressure on the host. This is
due, in part, to the difficulty in identifying the mechanism causing the
altered behaviour (see Adamo & Webster 2013). Understanding these
mechanisms will further our understanding of the selection pressures on
parasites resulting in parasite-mediated changes in host behaviour, hostparasite interactions and coevolution, and how parasites shape the
evolution of their host (Poulin, 2007; Schmid-Hempel, 2011).

Although the number of known mechanisms pales in comparison to the
known examples of altered behaviour, a great deal of knowledge has been
gained about the physiology and evolution of both parasite and host.
Alterations to the neurochemistry of the host and infection of the host’s
central nervous system are the most well understood mechanisms of
parasite-mediated behaviour (Lafferty and Shaw, 2013). A well-known
example is Toxoplasma gondii, a protozoan that infects felids as its
definitive (primary) host (Hill et al., 2005). Compared to uninfected
conspecifics, rats (Rattus spp.) acting as intermediate hosts show
diminished cognitive ability, increased activity and exploratory behaviour,
and reduced neophobia, increasing the likelihood of transmission (see
Webster 2007 for review). Toxoplasma gondii-infected rats also exhibit
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reduced fear of, and sometimes attraction to, felid odour, while remaining
cautious of non-felid predators (Berdoy et al., 2000; Webster, 2007;
Lamberton et al., 2008). Though not fully understood, these altered
behaviours appear to be mediated by several factors including a higher
rate of infection in, and inflammation of, the amygdala and hypothalamus
(Hermes et al., 2008; Berenreiterová et al., 2011; Haroon et al., 2012) and
increased dopamine synthesis via tyrosine hydroxylase produced by T.
gondii (Rohrscheib and Brownlie, 2013). These mechanisms by which the
parasite alters and manipulates host neurological systems to achieve the
resulting behaviour teaches us about the physiology of the altered systems
(Adamo, 2013).

A variety of less complex mechanisms, such as targeting and damaging
certain tissues of the host, have also been shown to alter host behaviour
(Lafferty and Shaw, 2013). For instance, metacercarial stages of the
trematode Diplostomum spathaceum invade the eyes of its fish intermediate
host, awaiting ingestion by its bird definitive host. The intensity of D.
spathaceum infection in rainbow trout (Onocorhynchus mykiss) directly
correlates with cataract intensity in the fish’s eyes (Karvonen et al., 2004).
The formation of these cataracts has been shown to reduce vision and
increase the trout’s susceptibility to simulated avian predation (Seppälä et
al., 2004), while not impeding its ability to escape fish predators (Seppälä
et al., 2006). Although the cataracts are a result of metabolic wastes
produced by the parasite, as well as mechanical destruction and protein
alteration resulting from infection (Ersdal et al., 2001; Seppänen et al.,
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2008), selection pressure should maintain or enhance this exaptation
behaviour if it furthers the transmission of the parasite (Poulin, 2010).

An often-overlooked factor in host manipulation is the phenotype of the
parasites themselves. For example, in trophically transmitted helminths,
selection would favour simple behaviours in parasites if these improve
transmission by altering the host’s phenotype. This can be seen with
Leucochloridium paradoxum trematodes which form conspicuously-coloured
broodsacs, migrate to the tentacles of terrestrial snails, and pulsate
rapidly; the snails’ eye stalks consequently resemble caterpillars,
presumably resulting in increased predation by the definitive bird host
(Wesołowska and Wesołowski, 2014). Few, if any, examples exist that
demonstrate the behavioural phenotype of the parasite acting as a
mechanism for altered behaviour in the host, i.e. the parasite’s actions
causing changes in host behaviour. This is not for a lack of documented
parasite behaviours. The behaviours of several trematode developmental
stages (e.g. cercariae, miracidia) have been well characterised; however,
these have not been examined in the context of host manipulation (see
Lewis et al. 2002). In trematodes with a typical three-host life cycle, known
behaviour of metacercariae that infect the second intermediate host, which
is often the host that shows altered behaviour, is limited to site selection
(Lafferty 2002; e.g. Matisz et al. 2010). In most species, metacercariae
encapsulate in a cyst and are considered passive; however, they are not
fully dormant and remain active, and some metacercariae (e.g.
diplostomulum type) even remain unencysted, staying active and mobile.

21

Chapter Two: Tylodelphys sp. Diel Behaviour

The trematode Tylodelphys sp. forms diplostomulum-type metacercariae
that remain unencysted and infect the vitreous humour of the eyes of New
Zealand common bully (Gobiomorphus cotidianus, McDowall 1975), their
second intermediate host (Fig. 2.1). These metacercariae are mobile and
active between the fish’s lens and retina, and can cross from one side of
the eye to the other in a matter of seconds. They provide an excellent
opportunity to study parasite behaviour. Tylodelphys sp. metacercariae
could maximize the probability of successful transmission and minimize
unnecessary damage to the host by following a circadian behavioural
rhythm, obscuring vision during the day when the parasite’s definitive
avian host (the great crested grebe, Podiceps cristatus) is foraging while
leaving the eye fully functional at dusk and beyond. If such selection
pressures acted on the natural oscillations of the parasite, its activity and
distribution should be greater during the day, and reduced at night.

I tested this hypothesis by observing Tylodelphys sp. metacercariae using
an ophthalmoscope with video output, thus capturing the movement of
the metacercariae within the eyes of live hosts at three different time
periods (sunrise, midday, and night), and assessing the level of retinal
obstruction caused by the metacercariae, as well as the parasites’ actual
movements. The extent to which vision is impeded should also (i) increase
with intensity of infection, assuming that the metacercariae do not achieve
smaller sizes when intensity is high, and (ii) be greater if both eyes are
affected equally. Thus, necropsy data was used to determine whether the
number of metacercariae are roughly equal between the left and right eyes
of fish. Metacercarial sizes were also measured via photo analysis to gauge
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the level of intrahost density-dependent growth. Finally, pathological
assessment of infected eyes was also performed using histology to
determine if Tylodelphys sp. infection causes any damage to the inner eye,
which would impede vision regardless of time of day.

Figure 2.1 Histological section (5-μm) of a common bully Gobiomorphus
cotidianus eye infected with Tylodelphis sp. metacercariae (m), with lens (l) and
retina (r) indicated.
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2.2 Material and Methods
Infected bullies were collected with Gee’s traps and by seining from Lake
Hayes (44°58'08.0"S 168°48'44.6"E) in Central Otago, New Zealand, in
January of 2014, and transported to the University of Otago. Fish were
housed for four weeks, with a 12/12 L/D light cycle and fed commercial
pellets (Ridley AquaFeeds Pty Ltd, Narangba, Qld. Australia) ad libitum.
Adult bullies (47.4 ± 7.4mm SE) were used to standardize the necessary
dose of anaesthetic, and to insure uniform eye sizes.

2.2.1 Video Acquisition
Bullies (n=12) were anesthetized with MS-222 (Tricaine mesylate, 100
mg/L), and a binocular indirect ophthalmoscope (Neitz IO-α TV) with
video output was used to capture 30 second videos of the fish’s interior
eye at five different angles. Using a line perpendicular to the pupil as the
base angle, adjusting for a consistent eye slant of 100° from horizontal,
four additional angles with an adjustment of 12° from centre were filmed
in opposite directions (i.e. up, down, front, & back). An angle adjustment
of 12° was chosen based on preliminary trials as well as to limit angle
overlap at the retina surface (tan-1 (1/2 pupil width/eye depth); pupil width
= 1.75-mm, eye depth= 4-mm, see Fig. 2.2A). The ophthalmoscope was
attached to a pivoting mount 110-mm from the fish, allowing for quick
and consistent changes in camera angle, and fish were placed on an
attached platform that could be adjusted vertically for consistent pupil
placement. A 10x magnifying glass was also attached to the mount 36-mm
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from the ophthalmoscope for the increased magnification necessary to
observe the fish’s inner eye.

Figure 2.2 Representation of the video acquisition within fish eye. Dotted lines
represent the central camera position. The line perpendicular to the pupil (S)
represent the central camera position. The camera was adjusted by 12° for four
additional videos (up (U) and down (D), when viewed from the side; front (L)
and back (R), when viewed from above), allowing for a wider range of capture
within the eye. Blue shaded areas indicate camera view, with darker areas
representing view overlap (A). Analysis of ocular obstruction utilized the portion
(1/5th) of view associated with camera angle (B), avoiding spatial overlap.

Videos were taken for each individual fish at three different time periods.
These times corresponded to the beginning of the photophase (‘sunrise’),
eight hours later (‘midday’), and eight hours after that (i.e. four hours into
the scotophase, or ‘night’). As a precautionary method to reduce
alterations to the fish’s photoperiod, a red filter was used on the
ophthalmoscope’s light during all time periods, and a desk lamp with a
60-watt red light bulb was used exclusively at night. Red light was
selected because of its use in several aquatic behavioural observations (e.g.
Jury et al., 2001; Mills et al., 2005), including two common bully studies
(Bassett et al., 2006; Vanderpham et al., 2012), and because red light has
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been shown to be less aversive to fish than white light (e.g. Widder et al.,
2005; Raymond and Widder, 2007). A third of the fish had their first
recording trial at each of the three time periods to control for possible bias.
After trials were completed, fish were euthanized with MS-222 (1-g/L) for
necropsy, and metacercariae intensity was assessed for each eye. A paired
sample t-test was used to test for a possible difference in infection
intensity between the left and the right eye. Metacercariae from the
observed eye were then placed between a slide and coverslip and
photographed at 4.5x magnification under a dissecting microscope
(Olympus SZ61) with equipped camera (Olympus DP25). ImageJ (1.48v,
U.S. National Institutes of Health, Bethesda, Maryland, USA) was used to
determine the size (body surface, µm2) of each metacercaria, and an
average metacercarial size was calculated for each eye. A simple
regression analysis was used to assess the relationship between
metacercariae intensity and average metacercarial size.

2.2.2 Video Analysis
Each of the resulting videos (five per angle per time period) was reduced
to ten still images, one every three seconds. ImageJ was used to create a
binary mosaic of pixels, each indicating presence or absence of
metacercariae. These binary pictures were transformed into Microsoft
Office Excel (v.2013) data files, where each cell in a grid represented a
pixel, with ‘1’ indicating parasite presence for an individual pixel (i.e. the
parasite’s body covered that pixel) and ‘0’ indicating parasite absence. The
resulting files were used to assess metacercariae activity and retinal
obstruction caused by metacercariae.
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Metacercariae Activity: Metacercariae activity was assessed by assigning a
value of ‘1’ to a pixel if there was a change in parasite presence/absence
between consecutive images in the sequence, and a value of ‘0’ if the
parasite presence/absence was the same (e.g. 00=0, 01=1). A value of 1
indicated that the metacercaria either entered or exited that pixel space
between images, representing movement of the metacercaria. The values
were then summed at each pixel location, giving a total amount of
movement at that location for that video. An end value of ‘0’ was
indicative of no observable movement (i.e. pixel location remained
occupied or empty throughout the video), and was a representation of
space coverage rather than activity. These ‘0’ values were removed to
obtain active movement space, and the remaining values were summed
and divided by the number of remaining pixels to get an assessment of
overall metacercarial movement for each video set. A repeated measures
linear mixed-effects model was run in R 3.2.3 (R Core Team, 2015) with the
lme function (nlme package, Pinheiro et al., 2015). Metacercariae activity
was treated as the dependent variable, time as the within-subject variable,
and metacercariae intensity as the between-subjects variable.

Retinal Obstruction: Retinal obstruction for each video was assessed by
averaging the value (0 or 1) of each pixel location at each time period over
all 10 frames analysed. Only the portion of the images corresponding to
each unique video angle (Fig. 2.2B) was used for each sequence to avoid
overlap with the other videos obtained for each individual fish (see Fig.
2.2A). All videos for an individual fish during the time period were then
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averaged to get an overall retinal obstruction per fish per time period. A
repeated measures linear mixed-effects model was run with the lme
function in R 3.2.3, with retinal obstruction treated as the dependent
variable, time as the within-subject variable, and metacercariae intensity
as the between-subjects variable.

2.2.3 Histopathology
Histological sectioning was used for a qualitative assessment of tissue
damage within the eyes of infected bullies. Infected (n=3) and uninfected
bullies (n=2) were euthanized with MS-222 (1-g/L) and their eyes were
removed, fixed in Davidson’s Fixative for 24 hours, and stored in 10%
neutral-buffered formalin for two days. Tissue was dehydrated with
ethanol containing 4% phenol, followed by xylene, and embedded in
paraffin. Each eye was serially sectioned along the horizontal plane (5 µm
thickness) and mounted on slides. Sections were

stained

with

haematoxylin and eosin and examined by light microscopy. The
qualitative analysis was performed by comparing infected and uninfected
tissue, and looking for damage characteristic of that found in Grobbelaar
et al. (2015) and described in Bullard and Overstreet (2008) and
Purivirojkul (2012). The number of metacercariae per eye was estimated
via the histological slides.

2.3 Results
The mean number of metacercariae per eye was 7.7 (range 1-17). I found
no difference in infection levels between the left and right eyes of the bully
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hosts (n = 12, t11=0.55, p=.587), indicating a somewhat equal level of
infection between the two eyes. A negative relationship was seen between
the number of metacercariae in an eye and average metacercarial size
(F1,11= 7.47, p= .021, R2 = 0.4276). A comparison of infected to uninfected
eyes did not reveal any apparent damage to retinal tissue caused by
metacercariae presences, such as increased spacing of photo receptors (a
by-product

of

retinal

stretching),

cytologic

damage,

hyperplasia,

hypertrophy, or layer thinning.

Figure 2.3 Proportion (mean ± S.E.) of the fish’s retina obstructed by
Tylodelphys sp. metacercariae at three different time points (8 h intervals).
Twelve fish were tested at all three time periods.

The repeated measures linear mixed-effects model revealed that retinal
obstruction (i.e. the percentage of the observable retina obscured by
metacercariae) was significantly less at ‘Night’ compared to the ‘Midday’
(t22 = 7.898, p < .001) and ‘Morning’ (t22 = 8.695, p < .001) treatments, which
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did not significantly differ from each other (t22 = 0.797, p = .434) (Fig. 2.3).
However, the analysis failed to show any significant relationship between
metacercariae intensity and retinal obstruction (t10 = 0.032, p = .975).
Metacercariae activity (Fig. 2.4) did not differ between ‘Morning’ and
‘Midday’ (t22 = 0.996, p = .330), ‘Morning’ and ‘Night’ (t22 = 0.778, p = .445),
or ‘Midday’ and ‘Night’ (t22 = 0.217, p = .830), and was not dependent on
metacercariae intensity (t10 = 1.801, p = .128). Overall, metacercariae were
shown to primarily occupy the lower portion of the vitreous humour,
extending into the open region of the humour during the day, resulting in

Activity (Change in Pixel Occupation)

increased overlap with the retina (Fig. 2.5).

Figure 2.4 Movement of Tylodelphys sp. metacercariae over time in the eye of
fish hosts (n=12), at three different time points (8 h intervals), represented by
mean (±S.E.) change in pixel occupation during video observation. Twelve fish
were tested at all three time periods.
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Figure 2.5 A visual representation of retinal obstruction over time, at three
different time intervals: morning (A), midday (B) and night (C). A darker pixel
colour represents a greater proportion of time that space was occupied by
metacercariae. Fish eye image by Isa Blasco-Costa.
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2.4 Discussion
My analysis is one of the first to look at parasite behaviour as a possible
mechanism for altered host behaviour, demonstrating that the behavioural
phenotype of a parasite larva may have implications for the phenotype of
the host. The number of metacercariae did not significantly affect the
results of my activity or obstruction analysis, indicating that it is where the
parasites locate themselves at certain times of the day that matters, and
not merely the number of parasites present. The level of ocular obstruction
varied highly significantly among time periods. Throughout the video
analysis, it was apparent that metacercariae spent the greatest amount of
time in the lower portion of the vitreous chamber (Fig. 2.5). From the
bottom of the chamber, metacercariae extended upwards during daytime
hours in a parallel orientation to the lens of the eye, resulting in a
maximum amount of lens obstruction and a sagittal overlap of the
metacercariae. Although the metacercariae are fairly large (mean body
length ± SE, 1773.5 ± 71.20 µm; body width, 525.9± 19.4 µm), the depth of
the humour appears to provide sufficient room for relatively large
numbers of metacercariae, causing them to overlap without additive
effects on retinal obstruction. In addition, the negative correlation between
metacercariae size and intensity indicates density-dependent growth
limitation, i.e. diminishing returns in terms of retinal obstruction with
each new metacercaria. Thus, the lack of an effect of parasite intensity is
likely due to the overlap of the metacercariae in the vitreous humour, as
well as the decreasing size of metacercariae at higher intensities. The
overlapping of the metacercariae may have some interesting effects,

32

Chapter Two: Tylodelphys sp. Diel Behaviour

however, due to their semi-transparent bodies, as multiple moving flukes
may result in a shifting of light intensity over the retina.
Results from my ocular obstruction analysis indicate that the Tylodelphis
sp. metacercariae exhibit a temporal change of positioning within the
host’s eye, primarily occupying the lower region of the vitreous humour at
night and expanding into the central region during the day. This diel
behaviour, as well as the size and orientation of the metacercariae,
ultimately results in increased retinal obstruction during the day, with
equal infection intensities between the left and right eyes causing more-orless uniform visual obstruction. Other means of visual obstruction, such as
cataract formation and increased water turbidity, have been shown to
impact fish foraging, mate selection, and predator avoidance (e.g. Seppälä
et al. 2004; Meager & Batty 2007; Maan et al. 2008). The reduction in the
diurnal vision of Tylodelphis sp. infected bullies provides a strong
indication that these same changes in behaviour and ecological
interactions may exist for infected bullies. Further, the diel nature of the
visual obstruction observed in my study adds a level of complexity
beyond fixed mechanisms, such as cataract formation, which may
ultimately alter the diel behaviour of the host.

Cataract formation resulting from Diplostomum metacercariae infection has
been shown to increase the susceptibility of fish to avian predation (e.g.
Seppälä et al. 2004), with higher metacercarial abundance resulting in
larger and more visually intrusive cataracts (Seppälä et al., 2011). The
crested grebe (Podiceps cristatus), the most likely definitive host of
Tylodelphis sp., is a surface-diving piscivorous bird that has been
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documented foraging from dawn to dusk, with no nocturnal feeding (e.g.
O’Donnell 1982; Ulenaers & van Vessem 1994; Gwiazda 1997). By
obscuring vision during the day, Tylodelphis sp. metacercariae may limit
the bully’s ability to perceive visual cues of this predatory threat in a
similar manner to Diplostomum-induced cataracts, favouring completion of
the trematode’s life cycle. The primary aquatic predator of known infected
bully populations, not counting invasive and conspecific threats, is the
nocturnal longfin eel (Anguilla dieffenbachii). This predator cannot act as a
suitable host for Tylodelphis sp., and consumption of infected bullies by
this predator is an effective dead-end for the parasite. If visual obstruction
were to persist during the nocturnal hours, this obstruction may severely
or fully blind the bully to non-host predation during periods of limited
illumination. Overall, the diurnality of the definitive host and nocturnality
of the dead-end predator suggest that the observed metacercariae
behaviour may be the result of selection pressure on the diel oscillations of
Tylodelphis sp. metacercariae.

The tendency of the metacercariae to primarily position themselves in the
lower region of the vitreous humour also indicates a further consequence
regarding crested grebe predation. The refraction of light from air to water
limits light penetration from the surface to 48.6o from vertical (Snell’s law;
Lythogoe 1979). The surface outside of this 97.2o circle (Snell’s window) is
illuminated solely by light reflected from below, hindering a fish’s ability
to detect avian predation (Katzir and Camhi, 1993). The increased
obstruction of the retina in the lower region of the vitreous humour would
partially limit the bully’s ability to perceive threats from within Snell’s
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Window, with diurnal expansion of the metacercariae into the vitreous
humour causing further obstruction.

The time-specific movement of the metacercariae into the open region of
the vitreous humour may also be a by-product of the feeding behaviour of
the larval trematodes. Non-encysting metacercariae possess an elaborate
morphology compared to their encysting counterparts, showing advanced
organ development and a functioning gut, allowing for active feeding
until host death or ingestion (Erasmus, 1972; Galaktionov and
Dobrovolskij, 2003). Rather than relying on endogenous food reserves,
active feeding by metacercariae on host tissue provides energy at the
expense of the host for movement/migration, growth and development,
and accelerated morphogenetic processes (Bullard and Overstreet, 2008;
Petrov and Podvyaznaya, 2015, e.g. for pre-encysting metacercariae:
Matisz and Goater, 2010; Stumbo et al., 2012). Tylodelphis sp. does not
appear to be an exception, possessing the complex morphology seen in
other strigeoid metacercariae such as paired digestive caeca (Galaktionov
and Dobrovolskij, 2003). This suggests that Tylodelphis sp. actively feeds on
the fluid of the vitreous humour, providing energy for its initial
development and activity and, subsequently, imposing an energetic
demand on the host. The metacercariae may exhibit increased feeding
during the day by capitalizing on the open region of the vitreous humour,
strategically or inadvertently when vision obstruction would be beneficial
to trophic transmission, and reduce the metabolic demand on the host at
night (when vision obstruction is unnecessary). If this hypothesis is
incorrect, and nutrient consumption is not augmented by the expansion of

35

Chapter Two: Tylodelphys sp. Diel Behaviour

the metacercariae into the central region of the inner eye, then this
behaviour may be indicative of a metabolic cost beyond necessary nutrient
consumption for development. With increased metabolic drain on the host
already exerted by the active feeding characteristic of non-encysting
metacercariae, settling to the lower region of the eye would limit the
energy consumption required for expansion into the central region of the
vitreous humour.

This study is unique in demonstrating diel behaviour in metacercariae,
although diel behaviour has been observed in other larval stages of
trematode species. One obvious example is the synchronised release of
cercariae, providing maximum overlap with the foraging activity of the
target host (Théron, 1984; Combes et al., 1994). Overall though, the
behaviour of endo-parasites is often neglected outside of their freeswimming larval stages such as miracidia and cercariae, and these
examples are often limited to host detection/seeking (e.g. Combes et al.
1994; Haas et al. 1995). Further, metacercariae are often considered passive
and lacking behaviour beyond initial site selection (Lafferty, 2002). My
study has demonstrated that metacercariae, at least non-encysting forms,
can exhibit a complex behavioural phenotype, and hints that the
behavioural phenotype of parasite larval stages may play a substantial
role in furthering their life history.
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Altered neuronal activity in the visual processing region in
the brain of eyefluke-infected fish

Chapter Three: Neuronal Activity

3.1 Introduction
Nearly all fish are dependent on vision, to varying degrees, for performing
fundamental tasks such as foraging, avoiding predation, and mate selection
(Guthrie, 1986).

The acquisition, transfer, and processing of visual

information is part of a complex network of neuronal interactions essential
for perception, decision-making, and response (Wagner, 2011).

When

internal or external influences interfere with this process, the ability of a fish
to observe and react to environmental cues can be degraded drastically. For
example, exposure to certain toxins can result in neuronal stress in the
visual processing region of the brain, resulting in fundamental changes to
the fish’s response to stimuli (e.g. Kohler et al., 1995). Vision impairment
through events such as increased turbidity or prolonged darkness (e.g.
snow covered ice) can severely hinder the foraging ability and predator
avoidance behaviours of affected individuals (e.g. Reid et al., 1999; Rowe et
al., 2003; Knudsen et al., 2006).

Parasitic infection can also impair a fish’s vision by inflicting long-lasting
tissue damage (e.g. Paperna, 1991; Williams and Whitaker, 1997; Grobbelaar
et al., 2015). Diplostomum trematode infection, for example, often results in
the formation of cataracts in the eyes of intermediate fish hosts, with greater
numbers of the larval stage metacercariae resulting in greater opacity of the
lens and further reduced vision (Chappell, 1995; Wall, 1998; Karvonen et al.,
2004). Considering the important role vision plays in the environmental
perception of many fish species, it is not surprising that parasite-impaired
vision has been shown to hinder the host in a variety of ways (Peuhkuri et
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al. 2009). A clear example of this is the reduced foraging success of Arctic
charr (Salvelinus alpinus) infected with Diplostomum spathaceum, as
evidenced by reduced prey consumption and delayed reaction time to prey
in individuals with greater cataract opacity (Voutilainen et al., 2008). As
Diplostomum trematodes are trophically transmitted and intermediate hosts
harboring metacercariae must be consumed by the definitive host to further
the parasite’s life cycle, cataract formation may facilitate this process. A
study by Seppälä et al. (2004) supports this hypothesis, demonstrating that
infected fish are less able to avoid simulated avian threats. Interestingly,
this is apparent at low levels of infection, suggesting that even slight visual
impairment can hinder predator avoidance.

Tylodelphys sp. is a diplostomid trematode that infects the eyes of its second
intermediate fish host, the common bully (Gobiomorphus cotidianus).
Relatively large in comparison to other species of the taxa, Tylodelphys sp.
metacercariae are free-moving (non-encysting) and inhabit the vitreous
chamber of the eye, between the lens and the retina (Blasco-Costa et al.,
2016). Like Diplostomum spp. trematodes, Tylodelphys sp. is trophically
transmitted, with a piscivorous bird, likely the Australasian crested grebe
(Podiceps cristatus australis), acting as the definitive host.

Unlike eye-

encysting Diplostomum spp. metacercariae, Tylodelphys sp. infection does
not appear to result in lasting tissue damage, and does not cause cataracts
in the lens of the host (Chapter 2; Stumbo and Poulin, 2016). However, the
metacercariae do appear to obscure vision by occupying the open region of
the vitreous chamber during the day and obstructing ~75% of the observed
retinal surface (Chapter 2; Stumbo and Poulin, 2016).

This physical
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obstruction may impair the visual acuity of the host in a similar fashion to
the cataracts resulting from Diplostomum sp. infection.

Curiously, the

metacercariae exhibit a diel behaviour pattern, settling to the lower portion
of the vitreous chamber at night, reducing the retinal obstruction to ~30%
(Chapter 2; Stumbo and Poulin, 2016). In Chapter 2, I postulated that this
diel pattern may be an exaptation on an existing trait (such as feeding
optimisation), resulting from a selection pressure to reduce the fish’s ability
to evade predation by the definitive host.

If so, the observed retinal

obstruction would need to alter visual information transfer, impairing the
host’s ability to perceive visual cues.

It was also postulated that the

metacercariae were layering within the chamber, i.e. lying superimposed
instead of adjacent to each other, as the amount of retinal obstruction was
independent of metacercariae abundance. From this, increasing numbers
of metacercariae would equate to more bodies through which light would
need to cross. Thus, the amount of light reaching the retina may be
determined by the number of Tylodelphys sp. metacercariae within the eye
of an infected fish.

Neuronal activity, and thus visual information transfer, can be measured
by looking at the expression of genes associated with neuron activity, such
as c-Fos. The c-Fos gene is conserved across all vertebrates and expressed as
a result of neuronal activation (Dragunow and Faull, 1989). The
measurement of the resulting upregulated mRNA or Fos proteins is an
indirect marker of recent neuronal activity (VanElzakker et al., 2008). In fish
model systems, c-Fos expression has largely been used to determine the
effect of toxins/pollutants on the central nervous system (CNS) of exposed
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individuals. Rainbow trout (Oncorhynchus mykiss), for example, show
increased c-Fos expression in the cerebral and cerebellar regions of the brain
when exposed to nickel chloride (Topal et al., 2015). The expression of the
c-Fos protein expression is altered in the telencephalon and the
periaqueductal gray region of the optic tectum of the killifish (Fundulus
heteroclitus) when they are exposed to various neurotoxins associated with
harmful algal blooms (Salierno et al., 2006).

Measurement of c-Fos expression has revealed parasite-induced alterations
to the CNS in non-fish hosts, and can be a powerful tool in pathology
research. By measuring c-Fos expression, Morales-Montor et al. (2004)
observed changes in hypothalamic and hippocampal activity in Taenia
solium (Cestoda: Taeniidae) infected mice, which they argued may alter
hormonal regulation. The measurement of c-Fos expression can also be
used to investigate the underlying mechanisms of parasite-mediated
behaviour. House et al. (2011) used c-Fos expression to reveal altered neural
activity in the limbic region’s sexual arousal pathways of Toxoplasma gondiiinfected rats exposed to cat urine (T. gondii’s definitive host). Though it had
previously been shown that T. gondii-infected rats can be attracted to the
odour of cats (Berdoy et al., 2000), this study provided insight into the
mechanism of the altered behaviour.

If Tylodelphys sp. metacercariae impede vision by altering visual
information transfer, we would expect to see a change in c-Fos protein
expression in the visual processing region of the host’s brain. It could be
postulated, then, that greater numbers of metacercariae would exacerbate
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this change as they layer within the eye, further impeding visual
information acquisition and processing. Here, I aimed to determine if the
number of Tylodelphys sp. metacercariae influences neuronal activity in the
visual processing region in the brain of infected bullies. Infected fish were
exposed to a visual stimulus, and an immunohistochemical assay was then
performed to assess the level of c-Fos protein expression in the optic tecta
(optic lobes) to determine if the amount of neuronal activation in the host’s
brain is related to the average number of metacercariae per eye.

3.2 Materials and Methods
Infected bullies were collected with Gee’s traps from Lake Hayes
(44°58′08·0″S 168°48′44·6″E) in Central Otago, New Zealand, in February of
2016, and transported to the University of Otago in aerated coolers. The
fish were housed in 30-L aquaria for two weeks, at 11 ± 2 °C and with a
12/12 L/D light cycle, and fed commercial pellets (Ridley AquaFeeds Pty
Ltd, Narangba, Qld. Australia) ad libitum. Tanks were provided with PVC
shelters (4 cm diameter x 10 cm length) to reduce stress and aggression, and
a 75% water change was performed on alternate days. The fish ranged
between 45 and 94 mm in length (mean ± S.D. = 63 ± 13 mm), and were
selected haphazardly for the following tests.

3.2.1 Exposures
Fish (n = 22) were placed individually into 1,000-mL beakers with 500-mL
of water. The exterior of each beaker was wrapped in masking tape to
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prevent fish from observing external information. Black plastic sheeting
was placed on all sides of the shelving unit, limiting outside light. After a
two-hour acclimation period a flashing light (135 lumens, 10 Hz) positioned
20 cm above the containers was activated from outside the arena for fifteen
minutes. Additional fish (n = 8) were treated in exactly the same way,
except without the flashing light, and acted as the controls.

3.2.2 Tissue Preparation
Fish were euthanized with MS-222 (Tricaine mesylate, 1 g/L) 45-minutes
after trials, allowing time for the upregulation of the c-Fos protein
(Zangenehpour and Chaudhuri, 2002). Eyes were removed and the number
of metacercariae was assessed following cranial dissection. The cranium
was separated from the body and the dorsal portion was dissected away,
exposing the brain. The cranium was then fully submerged in 10% neutral
buffered formalin containing 2.5% acrolein for 12 hours, after which the
brains were fully removed and placed into a fresh solution of 2.5% acrolein
for 2 hours. Brains were then transferred to paraformaldehyde for two
hours, followed by a series of four 15 minute washes in potassium
phosphate buffered saline (KPBS). Following this, brains were placed into
a 30% sucrose solution until embedding.

Once brains had sunk to the bottom of the solution, indicating full sucrose
saturation, they were placed individually into histology molds containing
Cryomatrix™ freezing medium, and frozen using liquid nitrogen-cooled
isopropyl alcohol and stored at -80oC. Sectioning was performed using a
cryomicrotome (Thermo Scientific, Isceon 89). Sections were cut with an 8-
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µm thickness along the dorsal plane. Sections were then mounted onto
slides (4/slide), and stored at -80oC.

3.2.3 Immunohistochemistry
Two slides containing tissue from the optic tectum were randomly selected
for each fish. Initially slides were placed into distilled water and incubated
at 30oC for 60 minutes to remove the Cryomatrix™, and then rinsed in KPBS
for two minutes with mild agitation. A PAP pen was then used to draw a
hydrophobic circle around the tissue, before the remaining steps were
performed on the slides. A three-fold, two-minute rinse with KPBS was
performed between the application of each solution unless otherwise noted.

To reduce non-specific background staining, endogenous peroxidases were
blocked by incubation with 0.3% H2O2 in 10 % methanol in KPBS for 30
minutes.

Incubation with Tween™ (Polyoxyethylene (20) sorbitan

monolaurate) was then carried out for five minutes to increase the
permeability of the cells. A 20-minute incubation in 2% normal horse serum
in KPBS (Sigma-Aldrich, MO, USA) was used to further reduce non-specific
binding. The primary antibody (polyclonal goat anti-c-Fos, 1:200 in 2%
normal horse serum, Santa Cruz Biotechnology, TX, USA) was then
immediately applied to the slides, which were left to incubate at room
temperature for 60 minutes, and then at 8oC for 48 hours.

Following incubation with the primary antibody, the secondary antibody
(biotinylated horse anti-goat, 1:500 in KPBS, Vector Laboratories, CA, USA)
was applied to the tissue and left to incubate at room temperature for 60
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minutes. An avidin–biotin complex (Vectastain ABC standard kit, Vector
Laboratories, CA, USA) was then applied for 60 minutes. Lastly, nickelDAB chromogen was applied for 20 minutes to allow for visualization of cFos expression, and rinsed with distilled water. Slides were left to airdry
for 12 hours in the dark, after which mounting solution (Shandon IMMUMOUNT, REF 990402) was applied with a cover slip and sealed with a clear
lacquer.

3.2.4 Analysis
Images of the optic tectum sections were acquired using a compound
microscope (Olympus BX51) at 10x magnification, with a mounted camera
(Olympus U-TV0.5XC-3). Analysis focused on the stratum marginale (SM),
stratum opticum (SO), and stratum fibrosum et griseum superficiale
(SFGS), as these regions are predominantly associated with vision and
directly linked to the retinal ganglion cells (RGC), which are the neurons
responsible for transmitting visual information from the eye to the brain.
The periaqueductal gray region was disregarded as it was prone to tearing
during histology and is largely a motor area. ImageJ (1.48v, U.S. National
Institutes of Health, Bethesda, Maryland, USA) was used to determine the
area of the analysed tissue (Fig. 3.1). c-Fos is expressed in cell nuclei, and
these nuclei are revealed as black dots in stained tissue (Fig. 3.2). The
number of nuclei with increased expression of c-Fos was counted manually.
A generalized linear model was performed with R 3.2.3 (R Core Team, 2016)
with the number of metacercariae (mean of both eyes) per fish and
treatment (control or light exposed) treated as independent variables, and
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the number of c-Fos+ nuclei per mm2 of tissue treated as the dependent
variable. Fish length was treated as a proxy for age, and used as a covariate.

Figure 3.1 Histological section of the brain of a common bully (Gobiomorphus
cotidianus). The outline indicates the visual processing region investigated for
neural activation via c-Fos protein staining, comprising the stratum marginale
(SM), stratum opticum (SO), and stratum fibrosum et griseum superficiale
(SFGS) as defined by Northmore (2011).

3.3 Results
The mean (across both eyes) number of Tylodelphys sp. metacercariae per
fish among bullies exposed to the flashing light stimulus (n = 21) ranged
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from 0 to 17.5, with an average ± S.D. of 2.7 ± 4.1 metacercariae. One
individual possessed an average of 55 metacercariae per eye, and therefore
was treated as an outlier and removed from further analysis. Metacercariae
numbers in control fish (n = 8) ranged from 0 to 14.5, with an average ± S.D.
among individuals of 5.75 ± 5.5.

Figure 3.2 Histological section of common bully brain (Gobiomorphus cotidianus)
after immunohistochemistry staining. Each black dot (indicated by arrows)
represents the expression of the c-Fos protein in a cell nucleus, indicating recent
neuron activity.

The generalized linear model revealed a significant difference in the
number of cells exhibiting c-Fos expression between treatment groups (t37 =
2.059, p = .047; Fig. 3.3), with control fish possessing fewer c-Fos-expressing
cells. The number of metacercariae was not a significant predictor of c-Fos
expression among control fish (t37 = 0.402, p = .690).

The number of
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metacercariae among fish exposed to the light stimulus, however, was a
highly significant predictor (t37 = 6.075, p < .001), with a positive relationship
observed between metacercariae number and increased c-Fos expression.
There was no significant interaction between metacercariae number and
treatment (t37 = 1.168, p = .251). Fish length also had no significant effect on

c-Fos Expression (cells/mm2)

c-Fos expression (t37 = 0.153, p = .8794).

Figure 3.3 Neuron activity as indicated by the number of cell nuclei showing cFos expression as a function of metacercariae number in Tylodelphys sp. infected
common bullies (Gobiomorphus cotidianus). Fish were either subjected to a visual
stimulus (Exposed) or left undisturbed (Control).

3.4 Discussion
Tylodelphys sp. metacercariae are comparatively large and tend to inhabit
the lower portion of the vitreous chamber, extending into the central region
of the vitreous chamber in a parallel orientation to the lens (Chapter 2;
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Blasco-Costa et al., 2016; Stumbo and Poulin, 2016). This coupled with the
lack of a significant effect of metacercariae number on the amount of retinal
obstruction (Chapter 2; Stumbo and Poulin, 2016), indicates sagittal
layering of metacercariae between the lens and the retina. Given the semitransparent nature of Tylodelphys sp. metacercariae, it is reasonable to
hypothesise that external visual information could pass through each
parasite, and with increasing numbers, the quantity and/or quality of visual
information would decrease due to increased diffusion of light. As an
analogy, consider the obstruction of vision produced by sheer cotton fabric.
Light can pass through a single piece, allowing for the observation of shapes
(information). The addition of more layers of fabric would further diffuse
the light, hindering the observer’s ability to perceive its environment. One
would expect that with decreased light and visual information, regions of
the brain involved in visual processing would be less active. In this study,
however, using c-Fos expression as a measure of neuronal activation, we
observed increased activity in the visual processing region of the optic
tectum with increasing numbers of metacercariae.

A by-product of infection, such as the metabolic waste of metacercariae,
may be responsible for c-Fos protein expression pattern in a similar manner
to when fish are exposed to pentylenetetrazole or nickel chloride (Baraban
et al., 2005; Topal et al., 2015), with higher levels of infection resulting in an
accumulation of the by-product and increased protein expression. This
seems unlikely, however, considering that c-Fos expression was
significantly lower in control fish not exposed to the light stimulus and was
not linked to metacercariae number in these fish. Another possibility is that
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with the light stimulus, the metacercariae are causing a stress response in
the fish. Stress from handling (Salierno et al., 2006) or a startle response
(Bosch et al., 2001) has been shown to result in a greater number of cells with
c-Fos expression, though this was in the periaqueductal gray region and the
telencephalon which are primarily motor regions of the brain (Northmore,
2011). Also, the same studies did not find elevated c-Fos expression in the
visual region of the optic tectum (SFGS, SO), the area that I analysed
(Northmore, 2011). This suggests that the observed upregulation of c-Fos
in exposed fish is more likely a result of an increased amount of information
being transferred from the retinal ganglion cells (RGC) to the optic tectum,
with the metacercariae themselves acting as a source of visual information.

Light passing across the boundary between two media with different
refractive indices is refracted to varying degrees, altering the light’s course.
Discounting the unlikely possibility that a metacercaria has the exact same
refractive index as the vitreous humour surrounding it, the angle of the light
passing through a parasite must be altered. This scattering of light would
also likely be cumulative, intensifying with greater numbers of
metacercariae.

Additionally, the movement of the metacercariae must

result in a change in the number of bodies the light must pass through to
reach the photoreceptors at any retinal location over time. These two
mechanisms (light refraction and shifting light intensity) may produce a
more complex stimulus than simply the flashing light alone, resulting in a
greater amount of visual information proportional to the number of
parasites per eye. Additionally, the expression of c-Fos appears to plateau
once parasite burden has reached a certain threshold. This may indicate a
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maximum potential for a metacercariae induced increase visual
information. Conversely, there may be a maximum information processing
potential within the CNS of the common bully.

Visual acuity is dependent on a complex system of information processing
starting within the eye. Briefly, visual information is first received by the
photoreceptors, relayed to the bipolar cells, and subsequently to the RGC.
However, two additional cell types, the horizontal cells and amacrine cells,
can integrate and modulate information at the photoreceptor-bipolar cell
and bipolar cell-RGC interfaces, respectively (Levine, 2011). Thus, by the
time a visual signal is received by the RGCs, significant processing has
already taken place. These photoreceptors are also tightly packed within
the retina, allowing for greater spatial resolution (Hirsch and Curcio, 1989).
The receptive field of archer fish (Toxotes jaculatrix), for example, is as low
as a tenth of a degree in certain regions of the retina, allowing for high
sampling frequency (Ben-Simon et al., 2012). Even slight changes in the
angle of received information would result in reduced spatial resolution
across the photoreceptor layer.

It is likely, then, that Tylodelphys sp.

metacercariae, although increasing the amount of visual information being
processed, are decreasing the quality of the external information via
information saturation.

The visual cortex is tied to other processing regions of the brain, and the
observed increase in neuronal activation may have consequences for
Tylodelphys infected bullies beyond impaired visual processing.

A

simplified example is that neuron activity in the SFGS is relayed to the torus
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longitudinalis (TL), which then signals the SM, resulting in an open loop
between the optic tectum and the TL (Northmore, 2011). The TL, as well as
being part of visual processing, is part of eye movement control and is
linked to the premotor cortex (Northmore et al., 1983; Wullimann, 1994).
Prolonged neural stimulation in the visual cortex can also lead to neural
fatigue, weakening neural response and visual acuity (Maffei et al., 1973;
Carandini, 2000). Neuronal stress resulting from visual information
saturation may then weaken the visual processing ability of the fish, in turn
impairing or altering its motor control.

3.4.1 Conclusions
From my results, I cannot conclude that the amount of external information
reaching the RGC changes in relation to metacercariae intensity, though the
quality of any external information will be reduced. This supports the
hypothesis that infection will impair the fish’s ability to detect predation,
and that the diel behaviour pattern of metacercariae (see Chapter 2; Stumbo
and Poulin, 2016) may result from a selection pressure to impair vision at
an opportune time.
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Time-dependent stimulus response of common bully
infected with eye flukes

Chapter Four: Stimulus Response

4.1 Introduction
Biological rhythms are present in most, if not all, organisms, regulating
many physiological functions and ecological interactions (Sharma and
Joshi, 2002). Capitalizing on the natural oscillations of negative feedback
loops, biological systems have developed pacemakers to regulate these
biological rhythms, exploiting fluctuations in environmental conditions
(Zordan et al., 2002). In animals, circadian rhythms are the most
extensively studied of these oscillations, influencing biological processes,
such as hormonal regulation and behaviour, over an approximate 24-hour
(diel) period (Daan and Beersma, 2002; Zordan et al., 2002). Deriving from
selection on transcription-translation feedback loops (Roenneberg and
Merrow, 2003; Ko and Takahashi, 2006), these rhythms have resulted in
endogenous clocks that regulate behaviours such as sleep patterns,
foraging, and predator avoidance (Nelson and Vance, 1979; Mistlberger,
1994; Burrows, 1994; Dominoni et al., 2013).

Parasitic infection can drastically alter the diel behaviour patterns of the
host. Take, for example, French grunts (Haemulon flavolineatum), which
have the most highly documented migration pattern of any coral reef fish
(Appeldoorn et al., 2009; Welicky and Sikkel, 2015). As groups, French
grunts migrate at dusk from the protective shelter of the coral reef to
forage in neighboring seagrass beds. When infected with the ectoparasiticisopod Anilocra haemuli, these fish are significantly less likely to participate
in this nightly migration compared to their uninfected conspecifics,
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staying on the reef and limiting their foraging rate (Welicky and Sikkel,
2015).

Some parasites have evolved strategies to alter or manipulate the diel
behaviour patterns of the host to help further their transmission. For
example, ants infected with the fungus Ophiocordyceps unilateralis climb to
the underside of foliage and attach themselves using their mandibles,
increasing the wind-assisted dispersal of the fungus’ spores (De Bekker et
al., 2014). This behaviour is expressed in a diel pattern, suggesting that the
fungus uses the circadian rhythms tied to the foraging behaviour of the
host to facilitate the manipulation of its behaviour (De Bekker et al., 2014).
Intermediate hosts infected with certain trophically transmitted parasites
also exhibit circadian behaviours which may further the parasites’
transmission. For instance, ants infected with the trematode Dicrocoelium
dendriticum climb to the top of plants at particular times of the day that
coincide with the preferred grazing time of the definitive ungulate host
(Spindler et al., 1986; Manga-Gonzalez et al., 2001). The cestode
Schistocephalus solidus alters the daily vertical distribution of the threespined stickleback (Gasterosteus aculeatus), with infection prevalence and
burden being significantly higher in fish caught near the surface during
the day, the foraging time of the cestode’s avian definitive host, than at
night (Quinn et al., 2012).

Parasites themselves can also display diel behaviour patterns that increase
their transmission by capitalizing on the predictable and structured diel
behaviour of their hosts. This can be seen in the timed release of some
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aquatic cercariae, an infective larval stage of trematodes, corresponding
with the period of highest activity of the target host (Théron, 1984;
Combes et al., 1994). As these cercariae are highly dependent on currents
for their dispersal and mostly rely on chance encounters with the host, the
precise timing of cercarial release increases the probability of these
encounters and therefore transmission (Combes et al., 1994).

Few examples of endoparasite diel behaviour are known, and these are
mostly limited to adult stages (e.g. Hawking, 1975; Sukhdeo and
Bansemir, 1996; Platt et al., 2013). One exception to this is the eyefluke
Tylodelphys sp. which alters its position within its host’s tissue in a diel
pattern (Chapter 2; Stumbo and Poulin, 2016). This trematode larval stage
infects the vitreous humour in the eyes of the common bully
(Gobiomorphus cotidianus) its intermediate fish host (Blasco-Costa et al.,
2016). Unlike many other diplostomid trematodes, Tylodelphys sp.
metacercariae do not encyst within tissue, remaining active and mobile
(Blasco-Costa et al., 2016). At night, the metacercariae primarily occupy the
lower region of the vitreous chamber, obscuring ~30% of the retina
(Chapter 2, Stumbo and Poulin, 2016). During the day, the metacercariae
extend further into the chamber, increasing retinal obstruction to ~75%
(Chapter 2, Stumbo and Poulin, 2016).

The diel activity pattern of Tylodelphys sp. metacercariae may be an
exaptation of an existing trait (such as feeding optimisation), resulting
from a selection pressure to reduce the fish’s ability to evade predation by
the definitive host, as postulated in Chapter Two. The likely definitive
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host is the Australasian crested grebe (Podiceps cristatus australis), which,
like many avian predators, forages in freshwater bodies exclusively
between dawn and dusk (O’Donnell, 1982; Ulenaers and van Vessem,
1994; Gwiazda, 1997). By obscuring the vision of the bully host during the
daytime period, the metacercariae may limit the fish’s ability to perceive
predatory threats via visual cues.

Tylodelphys sp. metacercariae infection results in increased neuronal
activity in the visual processing region of the host’s brain, and the level of
activity is positively related to metacercariae burden, as revealed in
Chapter Three. It is likely that this is the result of increased visual
information transfer. I further postulated that as a product of this increase
in visual information being processed, a reduction in the quality of the
external information would occur via information saturation and neural
fatigue. Here I test the potential effect this visual obstruction may have on
the host’s ability to respond to visual stimuli, I observed the behaviour of
fish with varying degrees of infection when exposed to a visual stimulus.
This was done during the day when retinal obstruction should be highest,
as well as at night when obstruction should be lowest. To determine if any
change in behaviour was due to visual obstruction rather than general
listlessness due to higher parasite burden, fish were also exposed to a
mechanosensory stimulus.
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4.2 Materials and Methods

Tylodelphys sp.-infected bullies were collected with Gee minnow traps
from Lake Hayes (44°58'08.0"S 168°48'44.6"E) in Central Otago, New
Zealand in July 2014, and transported to the University of Otago in
aerated coolers filled with lake water. There is a high prevalence of
Tylodelphys sp. metacercariae in the Lake Hayes bully population
(unpublished data), and no attempt to assess infection status of individual
fish was necessary. The fish were housed in 30-L aquaria in groups of ten
for two weeks, maintained at 11 ± 20C with a 12/12 light/dark cycle, and
fed commercial pellets (Ridley AquaFeeds Pty Ltd, Narangba, Qld.
Australia) ad libitum. Tanks were provided with PVC shelters (4 cm
diameter x 10 cm length) to reduce stress and aggression, and a 75% water
change was performed on alternate days. The fish ranged between 43 and
74 mm in length (mean ± SD = 57 ± 9), and were selected haphazardly for
the following tests.

4.2.1 Experimental Setup
A wooden platform on a free-standing shelving unit was used as the base
of the experimental arena (Fig. 4.1), with two individually housed fish
placed at the front for simultaneous observation. Black plastic was placed
around the shelving unit (sides, back, bottom, and top), with a curtain of
the same material lowered over the front during observations, limiting
outside stimuli. A digital video camera with night-vision capability was
placed above the arena, and operated via remote control during trials. A
LED light capable of flashing at 1800 lumens (12 Hz) was positioned 20 cm
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above the platform, which was activated from outside the arena. An
upright PVC pipe (25-cm x 3-cm diameter) was attached to the centre of
the platform, with a 113.4-g lead weight secured within the top of the pipe
with a linchpin. A string tied to the linchpin was strung through the
plastic sheeting at the back of the arena, which could be pulled causing the
weight to drop and strike the wooden platform. Lastly, foam adhesive
pads (4-cm x 4-cm x 1-cm) were attached to the bottom of the platform at
each corner, limiting the bulk of resonance from the dropping weight to
the platform and fish containers.

L
M
C

F
Figure 4.1 Experimental setup with fish arena (F), camcorder (C), light source
(visual stimulus, L), and lead weight with linchpin (mechanosensory stimulus,
M). A second fish arena, not visible from this angle, lies behind the one shown
(F), allowing two fish to be tested simultaneously.
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4.2.2 Exposures
Fish (n = 22) were placed individually into opaque containers (17-cm x 17cm x 8-cm high) containing fresh water (1.5 L), and left undisturbed in the
experimental arena for 20 hours, with an additional 30-minute acclimation
period after the front curtain was drawn. Video recording commenced 30
seconds prior to stimulus activation (light activation or lead weight drop)
and ended 30 seconds after exposure. Half the fish were first exposed to
the light stimulus (30 seconds), and half the fish were first exposed to the
mechanosensory stimulus. After exposure to the first stimulus, fish were
allowed to recover for 30 minutes, as preliminary trials demonstrated that
fish returned to a sedentary, relaxed state in less than five minutes.

All fish analysed were stationary prior to stimulus activation. Response to
the light stimulus was binary, with individuals either remaining stationary
or exhibiting a startle response. The startle response was characteristic,
with a sudden burst of chaotic, intense movement, followed by a sudden
freeze. Most individuals were observed returning to a relaxed, stationary
behaviour during the 30-second observation post-stimulus, though this
was not incorporated into analyses. Response to the mechanosensory
stimulus was ubiquitous, with all fish exhibiting a startle response as
characterized above, followed by escape responses (darting, skittering),
but for variable periods of time.

Each fish was exposed at two different time periods associated with
different levels of retinal obstruction as observed in Chapter 2: eight hours
into photophase (day, high retinal obstruction) and four hours into
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scotophase (night, low retinal obstruction). Half of the fish were first
tested during the day period, and half were first tested during the night
period, to reduce bias, and all individuals were maintained in their
individual trial containers between trials. Fish were euthanized after the
second trial with MS-222 (Tricaine mesylate, 1 g/L), and size, weight, and
parasite burden in each eye were assessed.

4.2.3 Analysis
Due to the nature of the differing responses between stimulus treatments,
and the repeated measure design of the experiment, responses to visual
and mechanosensory stimuli were analysed separately. One fish was
active prior to stimulus activation. As all other fish were stationary
(inactive) prior to stimulus, therefore this individual was removed from
analysis. All statistical analyses were run in R 3.2.3 (R Core Team, 2015).

A binomial logistic regression (glmer function: lme4 package; Bates et al.,
2015) was used to analyse the light stimulus trials, with response (no
response/startle response) as the dependent variable. The mean number of
metacercariae per eye and time (day/night) were treated as the
independent variables. Fish ID was treated as random effect factors to
account for the repeated measures. Fish length was scaled to allow the
model to converge (Schielzeth, 2010), and was treated as a covariate.

A linear mixed-effects model (lme function: nlme package; Pinheiro et al.,
2015) was used to analyse the mechanosensory stimulus trials, with
proportion of time spent exhibiting startle and escape behaviour treated as
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the dependent variable. The mean number of metacercariae per eye and
time (day/night) were treated as the independent variables. Fish length
acted as a covariate, and fish ID as a random effect factor.

4.3 Results

The mean number of Tylodelphys sp. metacercariae per eye varied among
fish (n = 22), ranging from 0 to 22.5, with an average ± S.D. of 7.2 ± 7.6. A
paired sample t-test revealed no difference between numbers of
metacercariae in the left and the right eyes of the fish (t20 = 1.419, p = .172;

Metacercariae Number (right eye)

Fig. 4.2).

Metacercariae Number (left eye)
Figure 4.2 Comparison of the number of Tylodelphys sp. metacercariae between
the left and the right eyes of the common bully (Gobiomorphus cotidianus). Solid
line represents a 1:1 best fit) ratio.
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The binomial logistic regression showed no difference in response to light
between the day and night trials (z = 1.365, p = .172). However, there was a
significant interaction between time periods and the mean number of
metacercariae (z = 2.085, p = .037). The number of metacercariae was a
significant predictor of the probability of response to the light stimulus
during the day trials, with a decrease in response with higher numbers of
metacercariae (z = 2.171, p = .030; Fig. 4.3). This trend was not present
during the night trials (z = .296, p = .762). Fish length did not covary
significantly with the probability of response (z = 0.796, p = .426).

Figure 4.3 Binary response to a light stimulus (0 = no response, 1 = response)
during day and night trials, with a continuous probability relationship against
the number of Tylodelphys sp. metacercariae in the eyes of the common bullies
(Gobiomorphus cotidianus).
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The linear mixed-effects model revealed that the proportion of time fish
spent

exhibiting

startle

and

escape

behaviours

following

the

mechanosensory stimulus was significantly different between time
periods (t = 2.995, p = .007; Fig. 4.4), and there was a significant interaction
between time periods and the number of metacercariae (t = 2.278, p = .034).
The number of metacercariae was a significant predictor of response
during the day, with a positive relationship (t = 2.949, t = .007), but not at
night (t = 0.248, p = .861). Fish length did not covary significantly with

Time (%) Spent Active

response (t = 0.503, p = .621).

Metacercariae Number (mean/fish)
Figure 4.4 The percentage of time common bullies (Gobiomorphus cotidianus)
spent exhibiting startle and escape behaviours during day (dashed line) and
night trials (dotted line), after a mechanosensory stimulus, as a function of the
number of Tylodelphys sp. metacercariae in their eyes. Day is represented by
the dashed line, and night is represented by the dotted line.
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4.4 Discussion

During the day trials, a clear relationship was seen for the response
(response/no response) to the light stimulus, with greater numbers of
Tylodelphys sp. metacercariae equating to a lower probability of
responding. One possible explanation is that the observed response, or
lack thereof, is the result of a fundamental difference in behaviour among
fish. Parasitic infections, for example, can result in listlessness in fish hosts
(Roberts, 2012), and bullies with a higher level of infection may be
exhibiting increased lethargy. Alternatively, fish possessing certain
personality types (e.g. bolder, shyer, explorative, etc.) may be more or less
susceptible to infection (Kortet et al., 2010; Barber and Dingemanse, 2010).
This seems less likely when considering the almost ubiquitous response to
the light stimulus during the night trial. Furthermore, the significant
positive relationship between infection level and response to the
mechanosensory stimulus during the day trial would suggest that bullies
with higher levels of infection are more responsive to threats.

Tylodelphys sp. metacercariae inhabit the lower portion of the eye’s
vitreous chamber, extending upwards to occupy more of the chamber
during the day and thereby obstructing ~75% of the retinal surface
(Chapter 2; Stumbo and Poulin, 2016). The presence of the metacercariae
increases the amount of ocular information processed in the visual
processing region of the brain, with a positive relationship to number of
eye flukes (Chapter 3). From this, it is reasonable to postulate that the
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observed response to the light stimulus is the direct result of a change in
visual information resulting from metacercariae number.

The detection of and response to changes in light intensity (i.e. passing
shadows or silhouettes) is a method of detecting avian predators, and a
change in visual acuity may impair predator avoidance behaviour (e.g.
Russell, 1967; Ness and Foster, 1999; Seppälä et al., 2004; Messler et al.,
2007; Tulley and Huntingford, 2010). If the observed reduced response to
light stimuli occurs under natural conditions, infected bullies may be less
adept at avoiding avian predation. Considering that metacercariae reduce
the probability of response with the 1800 lumen light used in this study,
which is far brighter than natural aquatic light shifts, a small number of
metacercariae could potentially inflict this handicap.

Although there is no significant difference between the day and night
treatments for fish exposed to the light response, this is likely driven by
fish with lower levels of infection responding during both time periods.
However, the effect of metacercariae number on response differs between
day and night trials, indicated by the interaction between the two
variables, and the lack of significance at night. From this we can postulate
that the position of the metacercariae within the vitreous chamber is a
fundamental component of the impaired daytime response. These results
further support my hypothesis that the diel behaviour pattern of the
metacercariae is the result of selection pressure on Tylodelphys sp., to
increase ocular obstruction during the foraging time of its definitive host.
Speculative reasons for why a reduction of retinal obstruction occurs at
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night (or at all) are discussed in Chapter 2 and the General Discussion of
this thesis.

The response to the mechanosensory stimulus was significantly greater at
night than during the day, with no effect of metacercariae number on the
proportion of time displaying startle and escape behaviour at night.
During

the

day,

however,

a

strong

positive

relationship

with

metacercariae number was present, with fish harboring more parasites
responding in a similar (or greater) degree as all fish during night trials
(seen in the positive interaction effect, Fig. 4.4). This may indicate that
infection alters the diel response pattern of the host. Alternatively, and
perhaps more parsimoniously, the response may be the result of the
increasing sensory stimulation resulting from cumulating numbers of
metacercariae, as indicated in Chapter Three. A metacercariae induced
reduction in vision, or the resulting stress, may drive the infected
individuals to overreact to mechanosensory stimuli.

4.4.1 Conclusion
Tylodelphys sp. metacercariae exhibit a clear diel shift in how much retinal
obstruction they cause. Here I demonstrate a reduction in the probability
of response to a visual stimulus at a time that corresponds to the greatest
amount of retinal obstruction. This trend does not exist at night, when
retinal obstruction is reduced. Tylodelphys sp. retinal obstruction, and the
corresponding change in host behavioural response, parallels the foraging
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time of the definitive host and may be an adaptive mechanism to increase
the chance of predation.
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Effects of eye flukes on the feeding behaviour of the
common bully

Chapter Five: Foraging Behaviour

5.1 Introduction
Vision and chemoreception are the most well understood sensory systems
of fish (Guthrie, 1986; Hansen and Reutter, 2004; Wagner, 2011). With some
exceptions, the majority of fish use both of these senses for foraging
behaviour, though to varying degrees and function (Gerking, 1994; Hart,
2009). The reactive distance of particulate feeders, for example, is
dependent on variables such as environmental factors (e.g. light intensity,
turbidity, water column depth), prey characteristics (e.g. shape, size, colour,
activity), and eye structure (Gerking, 1994). Diurnal fish often possess
complex eyes, with high image quality and a wide range of lightwavelength absorption (Gibson, 1983; Guthrie, 1986). Nocturnal fish, on the
other hand, often rely more on mechanosensory and chemosensory cues
than vision, possessing relatively simplified eyes with a limited lightwavelength absorbance range (Guthrie, 1986).

Due to the nature of vision and its role in the feeding ecology of fish,
studying how alterations to a fish’s vision impacts its foraging ability gives
valuable insight into how vision, and other sensory organs, influence the
organism’s environmental interactions. A high level of visual dependency
can result in reduced feeding ability when vision is impeded. Vogel and
Beauchamp (1999), for example, demonstrated delayed reaction times of
lake trout (Salvelinus namaycush) to prey in the instances of reduced light or
increased turbidity. Rainbow trout (Oncorhynchus mykiss), however, are less
visually dependent than lake trout, and are not hindered by turbidity or
even a complete lack of light, depending more on mechanosensory and
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chemosensory signals to locate prey (Rowe et al., 2003). Species such as
chum salmon (Oncorhynchus keta) and walleye pollock (Anoplopoma fimbria),
also depend less on sight, and exhibit only a minor hindrance to foraging in
higher turbidity (De Robertis et al., 2003). These studies indicate that if there
is little dependency on sight, vision impairment may result in little, if any,
cost to foraging. A visually-feeding fish may also be able to compensate
with its olfactory sense, resulting in an altered, though still effective,
feeding behaviour. For instance, Atlantic cod (Gadus morhua) are
predominantly visual predators when hunting evasive prey (Brawn, 1969),
but are able to use chemoreception to compensate for impaired vision with
little effect on foraging rate (Meager et al., 2005), though this results in
increased activity while hunting (Meager and Batty, 2007).

As seen above, the impairment of vision and its effect on the feeding
ecology of fish are well documented, however, these studies mostly focus
on changes in the water medium or external conditions (i.e. turbidity,
lighting conditions). A handful of studies have addressed how alterations
to the visual processing system may alter the foraging ability of fish. Lens
opacity resulting from cataracts, for example, can impair prey detection and
the ability of fish to compete for resource (Savino et al., 1993; Barber et al.,
2000). Such cataracts are often the result of a Diplostomum spp. infection, an
eye encysting trematode, and are pervasive in freshwater fish hatcheries in
Europe (Peuhkuri et al., 2009). Most research seems to indicate that
Diplostomum sp. infection, and the resulting cataracts, will negatively
impact the host’s foraging success. Diplostomum spathaceum infection, for
example, can reduce the success rate and increase response time of Arctic
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charr (Salvelinus alpinus) to introduced prey items (Voutilainen et al., 2008),
and the reactive distance of dace (Leuciscus leuciscus) and three-spined
sticklebacks (Gasterosteus aculeatus) to prey (Crowden and Broom, 1980;
Owen et al., 1993). Some unpublished research does indicate, though, that
Diplostomum spp. infection may affect the foraging ability of some species
significantly less than others (mentioned in Peuhkuri et al., 2009).

Parasites can alter the visual processing system beyond tissue damage.
Tylodelphys sp. metacercariae, for example, inhabit the vitreous chamber,
between the lens and the retina of the common bully (Gobiomorphus
cotidianus), their intermediate fish host (Blasco-Costa et al., 2016). During the
day, these free-moving (non-encysting) flukes obstruct ~75% of the retina
(Chapter 2; Stumbo and Poulin, 2016). This obstruction appears to cause a
density-dependent visual impairment via reduced visual information
quality (Chapter 3), resulting in a reduced response to visual stimuli
(Chapter 4). As Tylodelphys sp. has only recently been described (BlascoCosta et al., 2016), little is known on how infection may alter the ecology of
its host, including foraging success.

Tylodelphys sp. metacercariae display a diel behaviour pattern, settling to
the lower portion of the vitreous chamber at night and reducing retinal
obstruction from ~75% to ~30% (Chapter 2; Stumbo and Poulin, 2016).
Throughout this thesis I have hypothesised that this behaviour is the result
of selection pressure on Tylodelphys sp. to reduce the fish’s ability to evade
predation during the foraging time of its definitive host. However, as the
common bully has been shown to be a diurnal feeder (Sagar and Glova,
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1994), this visual obstruction may reduce the fish’s foraging competence.
Considering the energetic demand parasites exert on their host (Barber et
al., 2000), and their dependence on the host’s survival, a negative selection
may occur on a diel behaviour pattern that significantly impairs the host’s
ability to forage. Studying the impact of infection on the foraging ability of
its host will further our understanding of the selection pressures acting on
the biological rhythms of Tylodelphys sp., as well as the ecological impact of
infection and the role vision plays for the common bully.

Here, I collected naturally infected bullies and tested for a relationship
between the number of metacercariae and fish body condition, as a proxy
of energy acquisition. A lab experiment was also performed, in which I
examined the reaction time, and the resulting activity, of fish after the
introduction of a food source to determine if the number of Tylodelphys sp.
metacercariae influences these feeding behaviours.

5.2 Materials and Methods
Naturally infected bullies were collected using Gee’s minnow traps from
Lake Hayes (44°58'08.0"S 168°48'44.6"E) in Central Otago, New Zealand, in
February of 2015, and transported to the University of Otago in aerated
coolers. The fish were housed in 30-L aquaria (12 fish/aquarium), at 12 ± 2
°C and with a 12/12 L/D light cycle, and fed ground commercial pellets
(Ridley AquaFeeds Pty Ltd, Narangba, Qld. Australia) ad libitum. Tanks
were provided with PVC shelters (4 cm diameter x 10 cm length) to reduce
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stress and aggression, and a 75% water change was performed on alternate
days.

5.2.1 Body Condition
Fulton’s condition factor (K, K = 100(weight/length3)) (Ricker, 1975) was
used to determine the body condition of a subset of fish (n=12) two days
after capture. A larger K value indicates a greater overall amount of energy
consumption prior to capture. To avoid possible complications due to
sexual dimorphism, only males were used for this portion of the study. Fish
were euthanized with MS-222 (Tricaine mesylate, 1 g/L), and length,
weight, and Tylodelphys sp. burden were measured.

5.2.2 Trial Setup
The remainder of fish were housed for four weeks prior to commencing
trials. During the third week, wild caught ostracods (Cyprinotus incongruens
(Chapman, 1963), ~1-2-mm length, from the Leith River Basin) were
introduced with the pellets. During the fourth week of lab acclimation the
two food sources were introduced on alternating days and the amount of
commercial food was reduced. Although ostracods are a substantial part of
a bully’s natural diet (Sagar and Glova, 1994; Rowe et al., 2001), I performed
individual assessments with unused fish, confirming that fish recognized
the introduced ostracods as a food source.

Trials were performed in half-filled 30-L aquaria (43 cm x 27 cm x 29 cm).
Black plastic was placed around the shelving unit (sides, back, bottom, and
top). Tanks were positioned so that the longest side could be viewed, and a
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50 x 50-mm grid was drawn on this observation side for activity analysis. A
single air-stone was placed in a far back corner of the tank, so as not to
interfere with observation, and a PVC shelter was placed in the centre but
along the aquarium’s back wall, perpendicular to the observation side of
the aquarium. Plastic tubing (4-mm diameter), used for the introduction of
the ostracods, was attached to the air-stone hose, ending 0.5-cm from the
stone. The hose was strung through the plastic sheeting behind the tank,
allowing for prey introduction from behind the enclosure. The close
proximity to the air-stone served to mask the pressure change of the
introduced water. A video camera (GoPro HERO3+, GoPro, Inc.) with
Bluetooth connectivity was placed 0.5 m from the tank. A Bluetooth
connected tablet (Galaxy Tab 3 10.1, Samsung Electronics Co., Ltd) was
used for observations, allowing for live analysis outside of the field of vision
of the fish.

5.2.3 Trials
Fish (n=20) were placed individually into experimental tanks and allowed
to acclimate 48-hours prior to observations. Fish were not fed during this
time. The introduction hose was rinsed twice by withdrawing and
discarding 60 mL of water with a 60-mL syringe. A third full syringe was
retained to flush the ostracods into the tank. Bullies are benthic fish that
generally remained inactive at the bottom of the tank; they were observed
prior to introduction to insure little pre-introduction movement was
exhibited. Fifty haphazardly selected ostracods were then placed into the
introduction tube with a transfer pipette, and slowly flushed into the tank
over a 20 second period using the syringe filled with the 60-mL of tank
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water. Once introduction was complete, the time until the fish exhibited
feeding behaviour (a combination of movement throughout the tank and
the expansion and contraction of the operculum and branchiostegal rays
indicating suction feeding; Gerking, 1994) was recorded. Activity was
scored as the total number of grid lines crossed in the two-minute period
after ostracod introduction. Fish were euthanized immediately after trials
with MS-222 (Tricaine mesylate, 1 g/L), and length, weight, sex, and
Tylodelphys sp. burden were noted. An additional five fish (controls) were
treated in the same manner as the fish above, except with an introduction
of water with no ostracods.

5.2.4 Analysis
All statistical analyses were run in R 3.3.1 (R Core Team, 2016). A linear
regression (lm) was used to analyse the body condition data, with the mean
(across both eyes) number of Tylodelphys sp. metacercariae per fish acting as
the independent variable. Separate generalized linear mixed effects models
(glme, GLMEs) were used to analyse response time and activity, with either
variable treated as the dependent variable. The mean number of
metacercariae per fish was treated as the independent variable. Fish sex and
length were treated as covariates.

5.3 Results
The mean number of Tylodelphys sp. metacercariae per fish (n = 20) ranged
from 0 to 15, with an average ± S.D. of 4.3 ± 4.3. Control fish (those with no
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ostracods introduced) did not respond to the injection of water into their
tank, and were not included in the analysis. The twenty fish used in
experimental trials ranged from 49 to 90 mm in length, with an average ±
S.D. of 62 ± 13.

The number of metacercariae in fish dissected two days after captured was
not a significant predictor of body condition, K (t19 = 1.006, p = .338; Fig. 5.1).
The GLM analysis of reaction time revealed no significant effect of number
of metacercariae (z = 0.014, p = .989; Fig. 5.2) or fish length (z = 1.051, p =
.293). Interestingly, sex was the best predictor variable in this model,
approaching significance with females (n = 12) responding earlier than
males (n = 8) (z = 1.708, p = .088). The GLM analysis of activity revealed no
significant effect of number of metacercariae (z = 0.423, p = .672; Fig. 5.3), or
sex (z = 0.687, p = .498). Length, however, was highly significant, with

Body Condition (K)

smaller fish exhibiting a higher level of activity (z = 5.085, p < .001).

Metacercariae Number (mean/fish)
Figure 5.1 Body condition (K = 100(weight/length3)) of as a function of the
mean number of Tylodelphys sp. metacercariae per eye, in common bullies
(Gobiomorphus cotidianus).
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Metacercariae Number (mean/fish)

Activity (Lines Crossed)

Figure 5.2 The reaction time (s) of common bullies (Gobiomorphus cotidianus),
distinguished by sex, after the introduction of ostracods (prey), as a function the
number of Tylodelphys sp. metacercariae in their eyes.

Figure 5.3 The activity of common bullies (Gobiomorphus cotidianus) after the
introduction of ostracods (prey), as a function the number of Tylodelphys sp.
metacercariae in their eyes.
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5.4 Discussion
The number of Tylodelphys sp. metacercariae did not significantly affect the
body condition (K) of fish from the wild. This would indicate that
metacercariae, whether there are few or many in a fish’s eyes, do not
impede the host’s ability to acquire energy in its natural environment. This
may be independent of foraging ability, however, as parasitic infection can
result in increased foraging time to compensate for impaired foraging
ability and the metabolic demand of the parasites (Barber et al., 2000). The
lack of significant effects in the lab trials for both reaction time and activity
also indicates that the number of metacercariae does not influence the fish’s
ability to detect and respond to prey. However, this may also be a byproduct of the experimental conditions, with the confined space of the tanks
increasing the host’s ability to detect the introduced ostracods, and may not
necessarily reflect what happens in the open environment of a lake.

Despite the visual impairment suggested throughout this thesis, the
difference in the ability to detect introduced ostracods varied little among
individual fish with regards to metacercariae number. One possible
explanation may be that the visual stimulus produced by the ostracods
differs from the artificial one used in earlier chapters, and bullies may be
more adept at detecting and processing this visual information. A
localisation of retinal obstruction is another possibility. Tylodelphys sp.
metacercariae primarily inhabit the lower portion of the vitreous chamber,
even during the day when retinal obstruction is highest (Fig. 2.5). From this,
there may be a constraint regarding what objects that can be detected. By
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blocking the lower retina, Tylodelphys sp. may impair perception of visual
information from above, while allowing for visual detection of objects on
the horizontal plane.

Other forms of visual obstruction have been shown to impede the foraging
competence of other species of diurnal fish. For instance, salmonids are
visual predators, and cataract formation can hinder their foraging ability
(Peuhkuri et al., 2009). Savino et al. (1993) demonstrated that unilateral
cataracts (cataracts in only one eye) impaired the ability of lake trout to
detect prey significantly less than bilateral cataracts. The impact of visual
obstruction on the foraging ability of these fish, however, is highly variable,
and is dependent on foraging strategy and the development of other
sensory organs (see Peuhkuri et al., 2009). For example, Arctic charr, despite
being diurnal/visual predators, continue to forage during the winter under
snow-covered ice with limited available illumination (Klemetsen et al.,
2003). Utilisation of a more developed chemical sensory system allows
Arctic charr to out-compete brown trout (Salmo trutta) in conditions with
little to no light (Knudsen et al., 2006; Elliott, 2011). Like the Arctic charr, the
common bully has well-developed chemosensory and mechanosensory
systems (McDowall, 1990), which may possibly compensate for Tylodelphys
sp.-induced visual impairment.

The results of this chapter provide evidence for a minimal impact of
Tylodelphys sp. metacercariae on the foraging ability of the host. These
findings are limited, however, and other alterations to feeding behaviour
may occur, such as altered foraging time or a change in prey selection. This
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is explored in more detail in the General Discussion chapter of this thesis. I
have hypothesised that the diel behaviour pattern of Tylodelphys sp.
metacercariae is the result of selection pressure on the biorhythms of the
parasite to increase vision impairment during the foraging time of the
definitive host, furthering trophic transmission (Chapters 2, 3, and 4). A
consequential reduction in host foraging ability could negatively impact the
host, and by extension the parasite, resulting in competing selection
pressures. Although selection on Tylodelphys sp. would likely favour
increased trophic transmission over maintaining host body condition, this
could be minimised by the localised retinal obstruction of Tylodelphys sp.
metacercariae. If the common bully can compensate for reduced vision with
chemoreception and/or mechanosensory systems, however, then the topic
is moot.
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The primary hurdle faced while studying the behaviour of endoparasites
centres on the difficulties of in vivo observations, and although in vitro
experimentation has yielded some progress in this field, it cannot fully
replicate the physiological conditions present inside a host (Sukhdeo and
Mettrick, 1987; Sukhdeo and Sukhdeo, 2004). For instance, trematode
cercariae often migrate to specific organs or tissues once they have
penetrated the second intermediate host (Sukhdeo and Sukhdeo, 2004).
While this migration can be tracked through methods such as timed
histological analysis (e.g., Matisz & Goater 2010), the processes by which
the cercariae navigate through the host to specific areas within the body
remain an enigma (Sukhdeo and Mettrick, 1987; Sukhdeo and Sukhdeo,
2004). Further, the behaviour of these flukes once they have reached their
microhabitat and matured from cercariae into metacercariae remains
largely uncharacterised (Haseeb and Fried, 1997; Sukhdeo and Sukhdeo,
2004). This is likely due to the encystment of most species at this stage,
and the general view that metacercariae are a “resting” phase in the life
cycle of trematodes, remaining mostly dormant (Irwin, 1997; Stewart et al.,
2003). However these metacercariae often display continuous flexing and
twisting within their cysts (Howell, 1966). Other metacercariae forgo this
protective capsule altogether, instead inhabiting regions of the host with
little to no immune response, often the central nervous system, or the lens
or aqueous humour of the eyes (Irwin, 1997). This thesis was an attempt to
characterise the behaviour of one such non-encysting metacercaria, and
the consequences for the host and its behaviour.
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6.1 Thesis Summary and Discussion

Observation of Tylodelphys sp. metacercariae revealed a diel behaviour
pattern within the vitreous chamber of the eye of the common bully
(Gobiomorphus cotidianus), with the worms primarily occupying the lower
region of the vitreous chamber at night and expanding into the central
region during the day (Ch. 2). This extensive activity is a unique
observation of metacercarial behaviour, and one must consider what may
be the underlying foundation for its existence. One possible explanation is
that the activity is a vestigial remnant from metacercarial excystment
behaviour. When excystment is triggered after ingestion by the definitive
host, metacercariae exhibit a bout of intense activity that is thought to
assist with escaping the cyst (Irwin, 1997; Saxton and Fried, 2009).
However, this activity is usually triggered by a change in environmental
factors (i.e., pH, temperature, and other physicochemical conditions),
suggesting another basis must exist for the observed Tylodelphys sp.
behaviour (Irwin, 1997). As discussed in Chapter 2, the movement of the
metacercariae may be a by-product of a feeding behaviour. For instance, a
similar rhythmic extension and contraction accompanies the ingestion of
fluids by Philophthalmus metacercariae, and is a likely aid to pharyngeal
pumping (Howell, 1970).

The diel behaviour displayed by Tylodelphys sp. is another unique
observation of metacercarial behaviour. The presence of a circadian
rhythm suggests refinement of the oscillations of a biological system to
mirror environmental or ecological patterns (Menaker, 2002). The diel
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behaviour of Tylodelphys sp. metacercariae may stem from selection
pressure to enhance transmission, acting on the underlying mechanisms
controlling activity. Tylodelphys sp. is a trophically transmitted parasite,
and is thus dependent on consumption by the definitive host to reach its
reproductive (adult) stage (Blasco-Costa et al., 2016).

Members of the

genus Tylodelphys use an avian predator as the definitive host, the most
likely candidate in the present case being the Australasian crested grebe
(Podiceps cristatus australis), a surface-diving piscivorous bird that forages
from dawn to dusk (O’Donnell, 1982; Ulenaers and van Vessem, 1994;
Gwiazda, 1997). Increased visual obstruction in the intermediate host
during the foraging time of the parasite’s definitive host suggests that the
activity pattern is adaptive. However, without determining whether the
presence and activity of metacercariae increase risk of avian predation,
this reasoning remains speculative.

An analysis of the visual processing region (VPR) of the brains of common
bullies revealed an effect of Tylodelphys sp. number on the amount of
neural activation (Ch. 3). Fish with higher numbers of metacercariae
showed a significant increase in neuronal activity when exposed to a
flashing light stimulus, a trend not present in control fish (no light
exposure). This suggested that 1) the presence of the light stimulus
provided visual information that was processed by the VPR, and 2) higher
numbers of metacercariae resulted in increased information reaching the
VPR, without a change in the amount of external information. We can
envisage that this will degrade the quality of external visual information
via information saturation and neuronal fatigue (see Ch. 3 for greater

85

Chapter Six: General Discussion

detail). This supports the hypothesis that infection will impair the fish’s
ability to detect visual cues.

A stimulus response experiment was performed to determine if increasing
Tylodelphys sp. numbers do indeed result in a reduced response to a visual
stimulus (Ch. 4). When exposed to a sudden bright flashing light during
the day, a time when retinal obstruction should be highest, bullies with
higher numbers of metacercariae in their eyes were significantly less likely
to respond. This trend did not exist at night, when retinal obstruction is
reduced. This supports the conclusions drawn in Chapter 3, and indicates
that infection intensity will influence a bully’s ability to respond to visual
stimuli during the day when metacercariae occupy a greater proportion of
the vitreous chamber. Considering that the detection of shadows is a key
method utilised by fish for the detection of avian threats (e.g., Kramer et
al., 1983; Luca and Gerlai, 2012), Tylodelphys sp. infection may reduce a
bully’s ability to evade an avian predator.

Lastly, the possibility exists that the diel behaviour pattern of Tylodelphys
sp. metacercariae is not tied to the biological oscillations of the
metacercariae. For example, the cause of the activity may ultimately be
dependent upon an aspect of the host’s physiology that facilitates activity
during the day and/or retards it at night. In this instance, the observed
metacercariae behaviour may not be a direct product of natural selection
acting on the parasite genome to bring about an ecologically relevant
circadian rhythm. Though it would be difficult to discount this alternative,
we can test the trait against a selection pressure that would compete
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against the diurnal activity of the metacercariae. The persistence of the
behavioural pattern in light of a negative selection pressure may be
indicative of selective constraint. Alternatively, it may indicate that the
selection pressure to maintain the trait outweighs the negative selection.

In Chapter Five I assessed the body condition and feeding ability of
Tylodelphys sp. infected bullies. Considering the energetic demand
parasites exert on their host (Barber et al., 2000), and their dependence on
the host’s survival, a negative selection may occur on a diel behaviour
pattern that significantly impairs the host’s ability to forage. However, the
results of Chapter Five revealed no effect of parasite burden on the body
condition of wild bullies or their ability to detect and respond to prey
introduced into a tank.

Overall in this thesis, I discovered a diurnal activity pattern in a nonencysting metacercaria that coincides with the foraging time of the avian
definitive host. The resulting obstruction of the visual field appears to be
intensity-dependent, resulting in alteration to the visual information
processed by the brain, as well as reducing the fish’s response to visual
stimuli. This visual obstruction, however, does not appear to limit a
bully’s foraging success in the field, or its ability to detect and respond to
prey in the lab.
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6.2 Moving Beyond this Thesis

Like most research, the findings presented throughout this thesis raise
new questions. Here, I address some areas of interest that may prove
useful in furthering research.

6.2.1 Further Exploration of Metacercariae Behaviour
Little is known with regards to the biological rhythms of parasites
(Martinez-Bakker and Helm, 2015). For instance, as I addressed above, the
observed rhythms may be dependent on host physiology and may not
truly be endogenous. Although this may prove difficult to ascertain, one
could manipulate the biological oscillations of the host to gain evidence
for or against circadian oscillations endogenous to the parasite. If the diel
behaviour pattern of Tylodelphys sp. metacercariae is dependent on the
biological oscillations of the host, for example, we should see a direct, near
simultaneous association between the behaviour and the adjustment of the
host’s circadian rhythms to an altered light/dark cycle. As circadian
oscillations are endogenous, they naturally exhibit a delayed response to
the alterations of zeitgebers (Sharma and Joshi, 2002; Zordan et al., 2002). If
the diel behaviour pattern of Tylodelphys sp. metacercariae is endogenous,
we should expect to see it lag behind the adjustment of the host’s circadian
rhythms. This, however, is dependent on the method by which the
metacercaria’s circadian rhythms are entrained (i.e., external to, or within
the host).
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6.2.2 Adaptive Manipulation and predator avoidance
A natural starting point in further research involving the Tylodelphys sp.
system would be a confirmation that the visual obstruction in the
intermediate host results in increased consumption by the definitive host.
Though this is near impossible to confirm in the field (Lafferty and Morris,
1996), corroboration may be obtained through controlled experimentation.
I did attempt to look at anti-predator behaviours in relation to Tylodelphys
sp. infection during my PhD, though the results were inconclusive
(Appendix 1).

In Chapter Two, I suggested that the reduction in visual obstruction may
allow the fish to remain vigilant at night against predatory fish; more
research is necessary to explore this hypothesis. For instance, Jellyman et
al. (2012) demonstrated that the anti-predator response of bullies is
dependent on both visual and olfactory cues, with the presence of both
cues of the longfin eel (Anguilla dieffenbachii) resulting in increased shelter
use than in control fish, while either cue alone resulted in less shelter use.
Although Chapter Three indicates increased response to visual stimuli at
night, this may not transfer to the low light intensity of a natural
environment.

6.2.3 Feeding Ecology
Although the findings of Chapter 5 suggest that the intensity of
Tylodelphys sp. infection does not alter the bully’s ability to detect prey or
its activity rate when prey are introduced, other alterations to feeding
behaviour may occur. For example, infected bullies may increase the
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amount of time allotted to foraging proportionally to metacercariae
number in their eyes to compensate for the energetic drain of the parasite
(Barber et al., 2000). Bullies may also alter prey choice, either compensating
for reduced foraging efficiency or because of reduced selective ability
(Barber et al., 2000).

6.2.4 Temporal Distribution
The diel behaviour of many fish (particularly freshwater fish) appears to
be highly plastic, with prompt changes from diurnal to nocturnal (or vice
versa) in response to changes in food availability or predatory threats (see
Reebs, 2002). A reduction in visual acuity, such as that resulting from
increased water turbidity, has also been demonstrated to alter the diel
behaviour patterns of some fish (e.g., Ryder, 1977). Though there are no
studies examining the flexibility of the common bully’s internal clock, it is
possible that they are just as capable of behavioural adjustments. The diel
behaviours observed in common bullies, such as shelter use (Vanderpham
et al., 2012) and diet preference (Rowe et al., 2001), as well as any
undocumented diel behaviours, may be altered or adjusted when vision is
impaired via Tylodelphys sp. infection.

6.2.5 Circadian Rhythms of the Common Bully
Although the daily behavioural patterns of fish can be flexible, there is
strong philological evidence of an endogenous circadian clock (Reebs,
2002). Examples include the production of melatonin by the retina and
pineal gland, and the presence of a structure analogous to the
hypothalamic superchiasmatic nuclei (Cahill, 2002; Falcón et al., 2010;
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Maitra et al., 2013). A number of behavioural studies have also provided
strong evidence for circadian oscillation in fish, in which, despite
alterations of external light stimuli, fish appeared to retain an endogenous
circadian rhythm (e.g., Eriksson and van Veen, 1980; Reebs, 1994; Herrero
et al., 2003; see Reebs, 2002). These internal clocks are useful for optimal
timing with environmental factors, and allow for anticipatory behaviour
(Reebs, 1996; Reebs and Lague, 2000).

Such endogenous clocks are entrained by light/dark cycles via hormone
production in the retina and pineal gland (Daan and Beersma, 2002), and a
reduction in the daily light intensity can alter the rhythms of this hormone
production (Vera et al., 2005; Falcón et al., 2010; Maitra et al., 2013).
Although Chapter 3 demonstrated that light still reaches the visualprocessing layer of highly infected fish, a slight and continuous reduction
in daily light intensity may drastically alter the hormonal and behavioural
characteristics of the host (Reebs, 2002; Vera et al., 2005; Falcón et al., 2010).

These are only some aspects of the Tylodelphys sp.-bully system that
warrant further investigation. For instance, from an ecological perspective,
one could also determine the geographical distribution of the parasite
across New Zealand’s South Island, as well as its impacts on fish mating
success, habitat selection and overall population abundance. The findings
of this thesis will serve as a starting point for any future explorations into
the biology of this unusual parasite.
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Interesting and not so interesting
predator avoidance behaviours

Appendix 1: Threat Response

A1.1 Introduction

The highly conspicuous behaviours shown in various host species infected
by parasites resulting in increased consumption by the definitive host may
also result in increased consumption by ‘dead-end’ or non-host predators
(e.g., Mouritsen and Poulin, 2003). Considering the energetic cost
associated with altering host behaviour (Moore 2002), natural selection
should favour behavioural changes that specifically target host-predator
consumption over non-host consumption. The purpose of the following
experiments was to determine the effect of Tylodelphys sp. eye infection on
the behaviour of bullies, with regard to host and non-host predation.

Prey-fish will often use such chemosensory alongside visual cues to detect
predators (Chivers and Smith, 1998). For instance, the common bully uses
both visual and chemical cues for the detection of eel predation (Jellyman
et al., 2012). Considering that some fish species will increase their response
to chemical cues when vision is obstructed (Meager et al., 2005), bullies
infected with Tylodelphys sp. metacercariae may rely more on olfactory
cues for the detection of possible predatory threats. The first experiment
investigated the avoidance behaviour of bullies to conspecific alarm cue.
An alarm cue (schreckstoff) is a chemical released from the broken
epidermal cells of many fish species, often resulting from an encounter
with a piscivorous fish (Kusch et al., 2004).

The second study looked at predator avoidance behaviours of bullies
exposed to simulated threats from avian or fish predators. The definitive
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host of Tylodelphys sp. is an avian predator, though fish predators do pose
a threat to individual bullies and act as dead-ends to the parasites’ life
cycle. Variation in response to these two threats may indicate selection for
behavioural alterations that provide predation suppression for non-host
predators and predation enhancement for host-predators. Ideally,
controlled infections of bullies would have been used. However, I was
unable to find snails releasing cercariae that matched the morphology of
Tylodelphys spp. trematodes. Instead, naturally-infected bullies were used
to assess the effect of parasite number on behavioural response. Bullies
from another population, experiencing little Tylodelphys sp. infection (none
in the fish used), were used as a proxy for uninfected control individuals.

A1.2 Material and Methods

A1.2.1 Chemical alarm cue response

The chemical alarm cue response experiment was performed at Lake
Hayes in Central Otago, New Zealand in January 2014, loosely following
the protocol set by Wisenden (2008). The alarm substance was prepared
from 10 donor female bullies ranging from 53 to 74 mm in length (mean ±
SD = 60 ± 8). Only females were used as males from other species exhibit
seasonal variation in club cell presence (Irving, 1996). Donor bullies were
euthanized via cervical dislocation and most of the epidermis was
removed from both sides of the body. The epidermis was pooled from all
individuals (~55 mm2 total), and ground with a mortar and pestle. Tissue
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was filtered through filter paper with 400 mL of lake water and the filtrate
was stored on dry-ice. An additional 400 mL of lake water was treated the
same, but with no tissue, for the control treatments.

Cellulose sponges (2.5 cm x 2.5 cm x 2.5 cm, 30/treatment) were saturated
with either the alarm cue or control water. Prior to cue saturation, nylon
monofilament was strung through each sponge, which was wrapped
around and through a second time to secure the sponge in the centre of
the filament. Each end of the filament was tied to opposite sides (width) of
a Gee minnow trap, placing the sponge in the centre of the trap.

Traps were baited with commercial dry dog food (Applaws, Bondi
Junction, NSW, Australia) and placed approximately 5 m apart along the
north/north-west shore of Lakes Hayes, with a random alteration of
control and alarm cue traps. The experiment was run over three days (10
traps/treatment/day). Alarm cue is stable when frozen (Wisenden et al.,
2009), and saturated sponges were stored on dry ice between days.

Traps were deployed at approximately 7 pm and collected two hours later,
at dusk. The number of fish was counted in each trap, and a subset (max
5/trap) were euthanized with MS-222 (Tricaine mesylate, 1 g/L), and
stored individually in 75% EtOH for necropsy at the University of Otago.
Data was analysed with a MANOVA, with number of fish captured per
trap and Tylodelphys sp. burden treated as dependent variables, and
stimulus (alarm cue/control) treated as the independent variable.
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A1.2.2 Artificial predator response

Bullies were collected with Gee minnow traps from Lake Hayes and Lake
Wanaka in Central Otago, New Zealand in July 2014, and transported to
the University of Otago in aerated coolers filled with lake water. The fish
were housed in 30-L aquaria in groups of ten for two weeks, maintained at
11 ± 20C with a 12/12 light/dark cycle, and fed commercial pellets (Ridley
AquaFeeds Pty Ltd, Narangba, Qld. Australia) ad libitum. Tanks were
provided with shelters (PVC pipe, 4 cm diameter x 10 cm length) to reduce
stress and aggression, and a 75% water change was performed on
alternate days. Fish from Lake Hayes ranged between 41 and 86 mm in
length (mean ± SD = 59 ± 11), and fish from Lake Wanaka ranged between
43 and 76 mm in length (mean ± SD = 57 ± 9). All fish were selected
haphazardly for the following trials.

Individual fish were placed into half-filled 30-L aquaria (43 cm x 27 cm x
29 cm, Fig. A1.1), and allowed to acclimate for three hours. Trials were
recorded for 60 seconds after stimulus release with a camera positioned 50
cm above each aquarium. Each fish was exposed to the visual cue of either
an artificial avian or eel predator. The artificial avian predator consisted of
a wooden model shaped like the head and neck of a Podicipedidae bird,
(50-cm length) mounted to a stand with a hinge. An L-pin attached to the
stand at the base of the “bird” acted as a lever, causing the cut-out to pivot
forward 900 when a string attached to the L-pin was pulled. This stimulus
was meant to imitate the diving action of a surface feeding bird, though
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the model did not touch the water surface. The model was positioned on
another shelving unit, limiting impact vibrations. The artificial eel (36-cm
length) predator consisted of a laminated eel image attached to a weighted
PVC pipe. A lubricated wire was strung through the PVC at a 35 0 angle in
front of the aquaria, and secured with a linchpin. An additional weight
was tied from the PVC with twine through an eyebolt at the base of the
wire, facilitating movement once the lynchpin was removed.

B

E
W

Figure A1.1 Experimental set up designed to test the response of a common
bully fish to artificial predation threats. Threats consisted of 1) A wooden bird
(B) that could pivot forward on a hinge when a string attached to an L-pin
was pulled, and 2) An eel image (E) that would slide down a wire, assisted
with an attached weight (W), after a linchpin was removed by pulling a string.

After stimulus exposure, fish were necropsied and parasite burden was
assessed in Lake Hayes fish and metacercariae were confirmed absent in
Lake Wanaka fish. Logger Pro® (Vernier Software & Technology: Oregon,
USA) was used to analyse the total distance (distance covered, cm) of each
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fish in response to the predator stimulus. A two-way ACNOVA (stimulus
x population) was used to analyse mean movement data, with fish length
treated as a covariate. A mixed linear regression was used to assess the
relationship between Tylodelphys sp. infection among Lake Hayes fish and
their total distance, with fish length treated as a covariate.

All statistical tests were run in R 3.2.3 (R Core Team, 2016)

A1.3 Results

A1.3.1 Chemical alarm cue response

The number of fish caught in control and alarm cue traps ranged from 1 to
27 and 0 to 6, respectively. The mean number of Tylodelphys sp.
metacercariae per fish (both eyes combined) ranged from 0 to 20 for the
control traps, and 0 to 16.5 for the alarm cue traps, with an average ± S.D.
of 5.6 ± 1.1 and 3.5 ± 1.1 for control and alarm cue traps, respectively.
Bullies possessed a large number of Apatemon sp. metacercariae (mean ±
S.E.: 196 ± 20), however abundance did not differ significantly between
groups (p = .59). Although fish in alarm cue traps possessed fewer
metacercariae overall, the number of metacercariae was not significantly
different between treatment groups (F1,45 = 1.768, p = .190; Fig. A1.2). There
was, however, a significant difference in capture success rate between
treatment groups (F1,45 = 17.580, p < .001), with fewer fish caught in traps
with alarm cue (Fig. A1.3).
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Figure A1.2 Mean (± S.E.) number of Tylodelphys sp. metacercariae/individual
bully within traps containing sponges saturated with either water or alarm cue (n
= 30/treatment).

Figure A1.3 Mean (± S.E.) number of bully caught in traps containing sponges
saturated with either water or alarm cue (n = 30/treatment).

99

Appendix 1: Threat Response

A1.3.2 Artificial predator response
The number of Tylodelphys sp. metacercariae was not a significant
predictor of the total distance covered by fish after exposure to the
artificial predator stimulus (t = 1.364, p = .184), and length did not covary
with total distance (t = 0.148, p = .884). Fish response to either stimuli
differed significantly, as seen below.

The two-way ANVOA revealed a significant difference in total distance
covered by fish between the Lake Hayes and the Lake Wanaka
populations (F1,55 = 44.322, p < .001) and between the simulated bird and
eel threats (F1,55 = 10.695, p = .002), as well a significant interaction between
the two groups (F1,55 = 6.792, p = .012). A pair-wise comparison showed no
significant difference in activity between the eel and bird simulations for
the Lake Wanaka (p = .965) or between the Lake Hayes fish exposed to the
eel stimulus and the Lake Wanaka fish exposed to the bird stimulus (p =
.090). All other pair-wise comparisons were significant (p < .03; Fig. A1.4).
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b, c

c

b

a

Figure A1.4 Mean (± S.E.) total distance covered by bullies from two different
lakes exposed to either an artificial bird or eel visual stimulus.

A1.4 Discussion
My results revealed that bullies strongly avoided traps with alarm cue,
providing confirmation of the results of Kristensen and Closs (2004),
which demonstrated that bullies in the lab can recognise conspecific alarm
cue as possible sign of a predatory threat. Numbers of metacercariae per
fish did not differ between the two treatments. This is interesting in that it
may be indicative of bullies exhibiting the same level of avoidance
behaviour, regardless of infection intensity, though this could also be due
to the low catch rate in alarm cue traps.

There was no significant effect of metacercariae for either “bird” or “eel”
stimuli, though the fish did respond differently to both, with less activity
when presented with the bird model. Non-infected bullies from a different
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population responded to both threats with high activity levels. These
results provide an interesting insight into the overall response of the fish
to predatory threats. The different response between populations when
presented with the stimuli is also intriguing. However, without controlled
infection, one cannot say that this difference is not intrinsic to the
populations from which the fish were obtained.
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Testing for consistent versus inconsistent asymmetry of
Tylodelphys sp. distribution between eyes

Appendix 2: Distribution

A2.1 Introduction
The majority of animals exhibit bilateral symmetry, resulting in the
development of paired structures such as eyes, kidneys, lungs, limbs, etc.
(Finnerty, 2004). Parasites that exclusively infect paired structures will
often do so non-randomly (Johnson et al., 2014). For instance, Johnson et al.
(2014) surveyed more than 6000 amphibians infected with echinostome
metacercariae, and found a consistent infection bias favouring the right
kidney.

Tylodelphys sp. metacercariae inhabit both the left and right eyes of their
intermediate hosts with no apparent difference in the number of
metacercariae between eyes (Chapter 2 & 4, Stumbo & Poulin 2016). From
this it could be concluded that the eye to which the cercariae migrate is
more-or-less random, resulting in roughly uniform visual obstruction.
However, although I have shown no consistent bias towards one side or
the other, this does not account for a possible real but inconsistent bias in
which one side is favoured in some hosts and the other side is favoured in
other hosts. For instance, whichever eye is initially infected may be
random, after which that eye may be favoured more, or less, during
subsequent infections. If this were the case for Tylodelphys sp.
metacercariae, the infection of the left and the right eyes would not appear
significantly different on average, though visual impairment would be
biased.

A new software, Analysis of Symmetry of Parasitic Infections (ASPI),
allows for the analysis of both consistent and inconsistent infection bias
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for parasites that invade paired structures (Wayland and Chubb, 2016).
ASPI was used to reanalyse the symmetry data from Chapters Two and
Four for possible inconsistent asymmetry between the eyes of infected
fish. For good measure and to increase sample size, infection data was
pooled from all chapters and analysed for consistent and inconsistent bias.

Statistical tests were run in R 3.2.3 (R Core Team, 2016) using the ‘aspi’
package (Wayland and Chubb, 2016). The ‘eb.test’ function (exact
binomial test) was used as some individuals had one eye with no
metacercariae. The ‘eb.test’ function performs an exact binomial test on
pooled data (1:1 ratio analysis), as well as an exact binomial test on the
distribution of parasites in each host.

A2.2 Results

There was no significant asymmetry within the pooled data from either
Chapter 2 (p = .415) or Chapter 4 (p = .23). There was also no significant
asymmetry in individual host infections, with the smallest p-values
equalling .15 and .18 for Chapters 2 and 4 respectively. A few fish in each
sample did show a disproportionate number (>2:1) of metacercariae in one
eye over the other (Fig. A2.1 & A2.2), though this was likely skewed by the
bullies with few metacercariae in each eye.
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log2 (Right+1/Left+1)
Figure A2.1 Histogram showing the intensity ratio of Tylodelphys sp.
metacercariae within the left and the right eye of individual common bullies
(Gobiomorphus cotidianus) from Chapter 2 (n = 12). A value < -1 or > 1 indicates
more than twice the number of metacercariae in either the left (green) or right
(purple) eye.

Figure A2.2 Histogram showing the intensity ratio of Tylodelphys sp.
metacercariae within the left and the right eye of individual common bullies
(Gobiomorphus cotidianus) from Chapter 4 (n = 18, excludes uninfected). A value
< -1 or > 1 indicates more than twice the number of metacercariae in either the
left (green) or right (purple) eye.
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The analysis of symmetry between the left and right eyes of bullies pooled
from all data chapters showed a similar trend as those for Chapters 2 & 4.
There was no significant asymmetry within the pooled data (p = .21). The
infection ratio between left and right eyes formed a tight linear trend (Fig.
A2.3), though there was a slight bias for the right eye (Fig. A2.4). There
was also no significant asymmetry within individual host infections, with
the smallest p-value equalling .07. Interestingly, ~40% of the individual
bullies had a p-value > .99, although half of those fish possessed no more
than two metacercariae per eye (Table A1.1).

Figure A2.3 Comparison of the number of Tylodelphys sp. metacercariae
between the left and the right eyes of common bullies (Gobiomorphus cotidianus)
used in this thesis. Solid line represents a 1:1 ratio.
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log2 (Right+1/Left+1)
Figure A2.4 Histogram showing the intensity ratio of Tylodelphys sp.
metacercariae within the left and the right eye of individual common bullies
(Gobiomorphus cotidianus) pooled from all chapters (n = 70), excludes
uninfected). A value < -1 or > 1 indicates more than twice the number of
metacercariae in either the left (green) or right (purple) eye.

A2.3 Discussion

The infection of paired structures generally conforms to one of four
patterns: consistent asymmetry, inconsistent asymmetry, random, and
uniform (Johnson et al., 2014). Analyses in previous chapters, and
confirmed here, indicate that Tylodelphys sp. metacercariae do not favour
one eye over the other (i.e., no consistent asymmetry). From the above
results, it also appears that Tylodelphys sp. does not infect eyes with a
consistent bias, while not favouring one side over the other (i.e., no
inconsistent asymmetry).
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It would appear that site selection is random, and Tylodelphys sp. cercariae
are as likely to migrate to the left eye as they are to migrate to the right
eye. However, considering that no individual fish displayed a significant
bias towards one side over the other, site selection of Tylodelphys sp. may
be uniform. This type of infection pattern has been shown with mites
preferentially infecting the left and right sides of their host equally, likely
minimizing impact on the host’s flight ability and, by extension, the
parasites’ own dispersal (e.g. McLachlan et al. 2008). As far as I am aware,
uniform site selection has never been documented in trematode systems
that infect paired structures.

Considering the possible influence that the vision obstruction caused by
Tylodelphys sp. metacercariae may have on furthering their transmission, it
is possible that a uniform infection pattern may be adaptive, a possibility
that warrants further investigation.
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Table A2.1 The number of Tylodelphys sp. metacercariae in the left and the right
eyes of individual common bullies (Gobiomorphus cotidianus), with p-values
derived from an exact binomial test on the distribution of parasites in each host.
Left

Right

p-Value

Left

Right

p-Value

Left

Right

p-Value

2

9

.07

1

3

.63

1

1

>.99

3

9

.15

1

3

.63

1

1

>.99

4

10

.18

3

1

.63

2

1

>.99

2

7

.18

7

10

.63

2

1

>.99

2

7

.18

23

19

.64

2

2

>.99

26

17

.22

2

4

.69

2

2

>.99

3

8

.23

11

14

.69

2

2

>.99

0

3

.25

15

12

.70

3

3

>.99

0

3

.25

13

16

.71

3

4

>.99

4

9

.27

5

3

.73

3

3

>.99

5

10

.30

5

3

.73

3

2

>.99

19

26

.37

15

18

.73

4

3

>.99

1

4

.38

6

4

.75

6

7

>.99

4

1

.38

24

21

.77

8

7

>.99

4

1

.38

7

5

.77

10

9

>.99

15

10

.42

10

12

.83

11

11

>.99

23

17

.43

11

13

.84

12

12

>.99

5

2

.45

0

1

>.99

13

13

>.99

5

2

.45

0

1

>.99

15

14

>.99

0

2

.50

0

1

>.99

18

17

>.99

8

12

.50

1

0

>.99

20

19

>.99

3

6

.51

1

2

>.99

52

58

> .99

10

14

.54

1

0

>.99

5

8

.58

1

0

>.99
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Size and parasite burden: an analysis of all
Tylodelphys sp. infected bullies

Appendix 3: Size and Parasite Abundance

Fish continue to encounter, and recruit, parasites throughout their life,
often leading to a positive relationship between the number of parasites
and host age (Pacala and Dobson, 1988). As size can be used as a proxy for
age, one may expect that larger common bullies would harbour more
Tylodelphys sp. metacercariae than smaller ones (Pilling et al., 2002). Here,
however, using bullies dissected throughout this thesis (n = 92), we see no
relationship between fish size and the mean number of metacercariae
between eyes (r = 0.05, p = .644; Fig. A3.1). Several possibilities may
explain this trend, the most obvious of which is the limited resources
provided by an individual eye, which may prevent the establishment of
further metacercariae after a certain threshold. Alternatively, parasite
recruitment may only occur during the juvenile stage of the fish’s life
cycle, possibly due to the habitat of young fish or a development of
resistance later in life. Lastly, the bell curve distribution seen below may
indicate metacercariae number increases with size, then drops, suggesting
that beyond a certain infection threshold the more heavily-infected hosts
are removed from the population due to parasite-induced host mortality

Mean number of Tylodelphys
sp. Metacercariae

(see Latham and Poulin, 2002).
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Figure A3.1 The relationship of the total length of common bullies (n = 92)
against their mean (within the left and right eyes) number of Tylodelphys sp.
metacercariae.
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