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Abstract

Individual behaviour varies considerably between and within species to balance the demands of
resource acquisition in an ever-changing environment. This thesis investigated three aspects of
behavioural variations: the occurrence of a conservative foraging strategy whereby predators avoid
novel prey; the interaction between boldness (an aspect of personality) and behaviour; and the effect
of boldness, host sex and social contact on parasite transmission. It was postulated that a temperate
fish species, the three-spined stickleback (Gasterosteus aculeatus) was more dietarily conservative
than poeciliid fish species, and that solitary fish exhibited a more conservative foraging strategy than
fish in shoals. The thesis tested the hypotheses that shy fish shoaled more than bold counterparts,
virgin females were bolder than mated ones, and shy fish had a greater chance of acquiring a parasite
infection from an infected shoal member due to their closer proximity within shoals than bold fish. In
addition, it was hypothesised that host contact was the main factor influencing parasite transmission

within fish shoals.

Behavioural experiments, traditional parasitology and molecular techniques were used to test the
hypotheses. Five fish species, and a directly-transmitted ectoparasite, were used as model organisms.
Fish were tested individually and assessed within shoals for their avoidance of novel prey, shoaling
behaviour and parasite loads. There was evidence for a conservative foraging strategy in the four
tropical fish species (Poecilia reticulata, P. sphenops, Xiphophorus maculates, X. hellerii) and in a
temperate species (Gasterosteus aculeatus), with the latter having greater dietary conservatism. Social
context did not affect dietary conservatism, and there were with no significant differences in
conservatism between isolated fish and shoals. Also, guppies showed reduced acceptance of novel,
conspicuously-coloured prey. Using molecular scatology, both prey and host species-specific DNA
were detected in fish faecal samples so this methodology can be used in the future to examine diet in
the wild. Guppies from two wild populations differed significantly in their relative boldness, but
individuals within a single population were similar in their relative boldness and this was consistent
over time. Boldness of fish was affected by mating, with virgin females being bolder than their mated
counterparts. Also, boldness impacted on shoaling behaviour, shy fish forming larger and tighter
shoals than bold conspecifics. This had consequences for parasite transmission, with shy fish having
higher parasite loads and a greater change in parasite load across an infection period than their bold
counterparts. Host contact was the main factor influencing transmission of a directly-transmitted
ectoparasite within a group-living host species. Significantly more parasites were transmitted between

hosts when hosts were in more frequent and prolonged contact.
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Chapter 1: Introduction

The complex behaviour of fishes intimately reflects distinctive and effective solutions to problems
raised by their three-dimensional environment. Behaviour is the interface between genetics and habitat
pressures such as predators, finding suitable food, disease or parasite exposure and mortality risk. Fish
constantly trade-off the conflicting demands of these factors, they show a range of flexible behavioural
responses, allowing them to respond to many environmental factors at any one time. There can be
considerable behavioural variation between and within members of a species with differences being
caused by factors such as sex, body size, interactions with conspecifics, personality, food availability,
predation pressure and parasitism. Of particular interest to this thesis are individual differences in

foraging behaviour, personality and parasitic infection.

1.1: Shoaling behaviour

A well known aspect of animal behaviour is the formation of social groups (Bertram 1978, Pulliam
and Caraco 1984). These are thought to arise from a continuous decision-making process, whereby
individuals constantly assess the profitability of joining, staying with others or leaving a group, based
on an ever changing trade-off between predation risk and the balance between foraging costs and
benefits (Pitcher and Parrish 1993). Typically, competition for resources increases with increasing
group size, whereas the risk of predation decreases (Alexander 1974). Costs associated with group-
living also include kleptoparasitism, unproductive social interactions, and a higher likelihood of
foraging on a recently depleted resource, leading to lower food intake (Beecham and Farnsworth
1999). However, the main advantage of living in a group is there are ‘many eyes’ for predator
detection, so that increased group vigilance, together with dilution, confusion and selfish-herd
mechanisms can reduce per capita predation pressure (Hamilton 1971, Pulliam 1973, Bertram 1978,
Day et al. 2001). Another benefit comes from more individuals being able to detect food sources
(Pulliam 1973, Bertram 1978, Lazarus 1979), leading to benefits for the group as a whole. Group-
living may enable individuals to forage more effectively through information transfer (Ward and
Zahavi 1973) and social learning (Zentall and Galef 1988, Heyes and Galef 1996).

Fish shoaling is a distinct, clearly measurable behaviour, ideal for studying the functions of group
living (Godin 1986, Magurran 1990, reviewed by Pitcher and Parrish 1993). The term ‘shoal’ is
commonly used to refer to any social aggregation of fish, whereas ‘school’ more specifically refers to
synchronised groups of fish that show polarised swimming behaviour (Pitcher 1983). Amongst teleost
fish, shoaling behaviour is very common in fry and juveniles, with an estimated 25% of species
continuing to shoal as adults (Shaw 1978). Changes in both shoal size and composition can regularly
occur (Pitcher et al. 1996, Mackinson et al. 1999, Krause et al. 2000, Svensson et al. 2000), providing
individuals with the opportunity of using shoaling behaviour as a flexible response to changes in

environmental conditions or internal state (Hoare et al. 2004).



In shoaling fish, as with other animals that form social groups, the behaviour of individuals is
primarily influenced by the presence of predators and number of conspecifics present, with resulting
feeding behaviour being a compromise between various costs and benefits (Hart 1993). A major
benefit to shoaling is that individuals in shoals experience a lower predation risk compared to solitary
individuals through anti-predator mechanisms, such as improved predator detection (Magurran et al.
1985, Godin et al. 1988), attack dilution (Foster and Treherne 1981, Morgan and Godin 1985), the
confusion effect (Neill and Cullen 1974, Landeau and Terborgh 1986) and evasion tactics (Godin
1986, 1997, Magurran 1990, Pitcher and Parrish 1993). The impact of predation on shoaling behaviour
can be seen in the responses of fish to changes in perceived predation risk. For example, European
minnows (Phoxinus phoxinus) increase group size in response to a predator (Magurran and Pitcher
1987), shoaling decisions are made more quickly when a predator is present (Hager and Helfman
1991) and species from habitats with a high predation risk show a higher shoaling tendency than those
from predator-free populations (Seghers 1974, Magurran and Pitcher 1987, Magurran et al. 1993,
Brown and Warburton 1997). Shoaling also provides foraging benefits through faster location of food
(Pitcher et al. 1982, Pitcher and Magurran 1983, Ranta and Juvonen 1993), more time for feeding
(Magurran and Pitcher 1983), more effective sampling of feeding sites (Lester 1981, 1984, Pitcher and
Magurran 1983), information transfer (see Pitcher and Parrish 1993) and learning from conspecifics
(e.g. Pitcher and House 1987).

The primary cost of shoaling is that of increased competition for resources (Bertram 1978), and it is
thought that this controls maximum group size (e.g. Pulliam and Caraco 1984). Shoal members
respond to increased competition by varying their spatial position within the shoal (Krause 1993), or
by altering food-handling times (Street et al. 1984) or foraging strategies (Milinski 1984a, Pitcher et
al. 1986). Fish in shoals may also take more risks as a response to increased food competition (Grand
and Dill 1999), and can trade-off energy gain with the risk of predation by changing their shoaling
decisions to reflect their energy needs and environmental circumstances (Abrahams and Dill 1989,
Ashley et al. 1993).

The foraging efficiency and predation risk of individual shoal members can be affected by a number of
factors, for example, phenotypic variability. It has been shown that fish have a social preference for
others of matching phenotype (Ranta and Lindstrom 1990, Ranta et al. 1992, Krause and Godin 1994,
Krause et al. 1996a), and shoals can be assorted by size, body length, and parasite-infection status in
the wild (Dugatkin et al. 1994, Krause et al. 1996b, Peuhkuri et al. 1997, Krause et al. 1998a, Hoare et
al. 2000a, b). It is thought that this assortment arises from the ‘oddity effect’ (Landeau and Terborgh
1986, Theodorakis 1989), where individuals of a different phenotype to the majority of shoal members
are at an increased risk of predation. There may also be foraging and growth-related benefits to

assortative grouping, for example, if an individual’s phenotype relates to its competitive ability (Ranta
2



et al. 1993, Seppa et al. 1999). Another factor that may affect foraging behaviour and predation risk is
the spatial position of an individual within a shoal. Individuals straggling from a shoal are
preferentially attacked and have a much higher mortality rate than their more social counterparts
(Morgan and Godin 1985, Magurran and Pitcher 1987, Parrish et al. 1989). Also, fish at the front of
the shoal have a higher feeding rate than those at the rear of the shoal (DeBlois and Rose 1996, Krause
et al. 1998a) but incur a higher predation risk as a result (Bumann et al. 1997, Krause et al. 1998b).
Fish can also alter shoal cohesion in response to predator or food cues, reducing nearest neighbour
distances to varying degrees in the presence of a predator as well as when hungry (Magurran and
Pitcher 1987, Morgan 1988, Robinson and Pitcher 1989, Krause 1993, Sogard and Olla 1997). There
may also be a genetic component to shoaling behaviour, specifically to improving shoaling responses
to a predator (Seghers 1974, Giles and Huntingford 1984, Magurran and Pitcher 1987, Magurran 1989,
Magurran and Seghers 1990), and shoaling behaviour can also be affected by kinship (e.g. Ferguson
and Noakes 1981, Quinn and Busack 1985, van Havre and Fitzgerald 1988, Brown and Brown 1996)
and familiarity with conspecifics (e.g. Brown and Colgan 1986, Dugatkin and Wilson 1992, Brown
and Smith 1994, Magurran et al. 1994, Griffiths and Magurran 1997, 1999).

1.2: Foraging behaviour

Foraging is another very important aspect of an animal’s behaviour. The foraging behaviour of a
predator involves a set of hierarchical decisions, firstly that of deciding to feed or not. Once that
decision has been made, an animal decides which search strategy to employ in order to find the food,
and once found, which size, species and amount of prey it is appropriate to take. Together with this, a
predator must adopt suitable prey handling tactics in order to physically ingest its meal. Fish have
been an important study organism in the analysis of predator feeding decisions (Pitcher 1993, Godin
1997, Wootton 1998), with fish foraging behaviour being primarily influenced by the same
hierarchical decisions made by other predators, but also by physiology and morphology (Brett 1979,
Brett and Groves 1979, Bone and Marshall 1982), as well as by the presence of conspecifics and
predators (Hart 1993). As a result, food gathering strategies are a compromise between the energy
benefits derived from the food and the energy costs associated with the particular strategies. Optimal
foraging theory (Stephens and Krebs 1986, Schoener 1987) assumes that the forager will adopt a
strategy that will maximise its net energy gain, which is in turn correlated to its fitness (defined as the
animals’ lifetime reproductive success). There are two main ways an efficient foraging strategy can
originate, firstly, the necessary skills can be acquired over evolutionary time through natural selection,

or secondly, they can be learned during the lifetime of the fish.

A fish’s decision when to feed is governed by its motivational state, which in turn is influenced by
many intrinsic factors (physiological parameters) and extrinsic factors (e.g. presence of prey, species,

presence of predators) (Warburton 2003). Hunger has a major influence on the motivation to feed,
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with hungry fish responding more quickly to the presence of prey as well as completing more prey
capture attempts than a satiated counterpart (Tugendhat 1960, Beukema 1964, 1968, Clark 1986). A
seasonal change can also affect feeding rate, with some river species feeding less in winter (Metcalfe
et al. 1986). Feeding also takes second place to reproduction and vigilance in some circumstances
(Heller and Milinski 1979, Milinski 1984a, b, Noakes 1986, Godin and Sproul 1988, Hart and Gill
1993), where fish will suppress feeding when the predation risk is greater than that of starvation, and
during a fish’s breeding season, it may preferentially search for mating opportunities, defend a

territory or nest rather than feed.

Once a fish has decided to start feeding, it needs to find suitable food. Search behaviour of a foraging
fish is constrained by habitat structure as this sets the context for a fish’s feeding decisions, and can
directly influence the rate at which predators detect and capture prey, affecting their foraging
efficiency and ultimately their fitness (Webster et al. 2007). Some fish species show habitat-specific
morphological adaptations in response to environmental pressures to maximise foraging efficiency
(Bentzen and McPhail 1984, Ehlinger and Wilson 1988, McPhail 1993). Fish employ two main search
tactics to encounter prey, either they sit and wait, or they cruise steadily through the water (O’Brien et
al. 1990). The tactic a fish uses depends somewhat on the relative size and activity of both predator
and prey; generally for prey that are relatively large, fish employ the ‘sit and wait’ tactic but for
relatively small prey items, fish tend to spend more time moving through the water (O’Brien et al.
1990).

After encountering prey, a fish must decide what prey types to ingest and how much to eat. A
fundamental aspect of these decisions is based on the size relationship between the predator and the
prey, since many predatory fish eat their prey whole (Gill 2003). Some predators are limited by gape
(jaw) size so cannot ingest prey that are too large for their jaw apparatus, and at the lower end of the
scale are very small prey that are difficult to detect visually (Gill 2003). Some fish species have
evolved prey manipulation tactics to overcome the limitation of gape size, such as nibbling, biting and
rotational feeding (see Gill 2003). A general effect of prey size is that the time it takes to handle the
prey increases exponentially with increasing prey size (Werner 1974, Kislalioglu and Gibson 1976,
Hoyle and Keast 1986, Croy and Hughes 1991, Gill and Hart 1994), and the trade-off between keeping
handling time and energy costs low and maximising energy intake affects many predator feeding
strategies (Gill 2003). Other morphological features of fish affect their ability to exploit prey, such as
mouth shape, position and general body form (Wemer 1977, Webb 1982, Hart 1993). As regards the
amount of prey ingested, stomach fullness is the main factor affecting this decision, as changes in

satiation levels are linked to motivation (Strubbe and van Dijk 2002).



Two main factors affecting foraging behaviour are considered in this thesis, the first is that of dietary
conservatism, the phenomenon whereby a predator avoids a fully palatable prey item specifically

because of its novelty. The second factor is the capacity for learning.

1.3: Dietary Conservatism

Dietary conservatism (DC) is the lengthy avoidance of novel food, first described by Owen (1977),
and defined by Marples and Kelly (1999). DC is distinguished from short-term neophobia (Barnett
1958) which is a short-lived, reversible aversion to novel objects (including food), lasting a few
minutes at most (Brigham and Sibley 1999, Marples and Kelly 1999). In contrast, dietarily
conservative foragers can overcome their neophobia to approach and touch the food, but nonetheless
continue to avoid eating it for considerable periods of time (Marples & Kelly 1999). DC does not
rapidly subside over repeated encounters with novel food, and some individual predators have shown
an avoidance of novel prey for over two years (Marples and Kelly 1999, Kelly 2001). One reason for
this difference could be that neophobia and DC are based on different learning processes (Marples and
Kelly 1999).

The majority of studies to date on DC have used birds and they are often observed to be neophobic
(e.g. Kelly and Marples 2004). Once neophobia has subsided, many birds accept the new food into
their diets (termed ‘adventurous consumers’ AC), but a small proportion remain wary and do not
regularly eat the novel food, exhibiting a DC foraging strategy. Four successive stages of DC have
been described: i) visual inspection of the novel prey; ii) occasional sampling or acceptance of the
novel prey but only in the absence of familiar food; iii) regular acceptance of the novel prey but only
after any familiar food has been consumed; and iv) full acceptance as a familiar food (Marples and
Kelly 1999).

The phenomenon of DC is present to some degree in all avian species tested to date (reviewed in
Marples et al. 2005), including common quail (Coturnix coturnix,; see Marples and Brakefield 1995),
domestic chicks (Gallus domesticus; see Kelly 2001), European blackbirds (Turdus merula; see
Marples et al. 1998), European robins (Erithacus rubecula; see Marples and Kelly 1999), zebra
finches (Taeniopygia guttata, see Kelly and Marples 2004), red-winged blackbirds (Agelaius
phoeniceus; see Neff and Meanly 1957) and snail kites (Rostrhamus sociabilis; see Beissinger et al.
1994). DC seems to be less pronounced in captive birds, but it is still present; in fact there are
examples of DC being so strong in some captive individuals that they died of starvation rather than eat
the palatable novel food available (domestic chicks, Rabinowitch 1965).

There is much variation in the occurrence of DC between individuals of a given species where some

individuals are much less conservative and quickly start eating new prey. Some authors have proposed
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a genetic basis for individual variation in DC, through studies on common quail (Coturnix coturnix)
(Marples and Brakefield 1995) and great tits (Parus major) (Carere et al. 2001, 2003). Another factor
to consider is the behavioural plasticity of individuals, causing between-individual variation in the
level of wariness towards novel foods, as this could be important for an animal’s ability to exploit all
resources in its particular habitat. A wary forager could miss out on a potential new food supply,
leading to a net loss in resources (Greenberg 1990a, b). Behavioural plasticity with regard to novel
food could also affect an individual’s dispersal ability, with less wary individuals being able to
colonise new areas as they can more readily utilise potentially novel food types compared to very wary
individuals. This could also relate to migratory species, where migrants may be less wary than non-
migrants (Mettke-Hoffman et al. 2002, 2005, Mettke-Hoffmann 2005). Innovation in foraging has
been linked to range expansion and invasiveness in some birds (Sol et al. 2002). Furthermore, the
social context in which an individual lives can also impact on its feeding behaviour, either with regard
to solitary versus group-living (e.g. Magnhagen and Bunnefeld 2009), or the mixture of behavioural
phenotypes within a group (e.g. Boogert et al. 2006, Dyer et al. 2009), and so this may also affect an
individual’s level of DC.

One well-studied potential effect of DC is as a mechanism for facilitating the evolution of warning
colouration, because if predators avoid novel prey for sufficient time, novel colour morphs could
invade a prey population and persist, rather than undergoing increased predation and rapid extinction
(Coppinger 1969, 1970, Gotmark 1994, 1996, Marples et al. 1998). The assumption is often made that
the foraging decisions of predators place conspicuous novel prey morphs at a selective disadvantage,
i.e. predators are more likely to feed on conspicuous prey because of their conspicuous nature.
However, studies showing clear evidence of predator avoidance of novel prey, i.e. a DC foraging

strategy, call this assumption into question.

1.4: Learning

Another factor that affects a fish’s foraging performance is learning, considered here briefly.
Comparative psychology has revealed broad similarities in general laws of learning across invertebrate
and vertebrate taxa (Logue 1988, Domjan 1998), so the general principles that apply to bees, pigeons
and rats are also likely to apply to fish. A great number of studies have revealed that fish have a
greater cognitive capacity than previously thought and it is now possible to compare the learning
capabilities of fish with those of higher vertebrates (reviewed by Hart 1986, 1993, Hughes et al. 1992,
Kieffer and Colgan 1992). Fish rely on a wide range of learning mechanisms that are vital to

successful foraging, from the formation of foraging search images, to prey capture and handling.

A well-studied mechanism through which fish learn foraging skills is social learning, where socially

transmitted information is used by conspecifics to locate food and assess changes in food patch
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profitability (Pitcher and House 1987, Ryer and Olla 1991). This has been seen for example in
European seabass (Dicentrarchus labrax) that learned to press a lever to receive food after observation
of trained demonstrator conspecifics (Anthouard 1987). Groups of fish find food more quickly than
individuals because there are more individuals to be vigilant for food, as well as having more socially
transmitted information available to them. This has been demonstrated in many species, e.g. goldfish
(Carassius auratus), bluntnose minnows (Pimephales notatus), three-spined sticklebacks
(Gasterosteus aculeatus) and guppies (Poecilia reticulata) (see Pitcher et al. 1982, Morgan 1988,
Peuhkuri et al. 1995, Day et al. 2001). Fish can also learn foraging skills, such as prey manipulation,

through observation of feeding conspecifics (e.g. Sundstrom and Johnsson 2001).

There are a number of other factors that affect the learning process, such as reinforcement, which
influences what is learned rather than how, or how well, it is learned (Warburton 2003), and
motivation, comprising two components, drive (deprivation) and stimulus attractiveness (incentive).
When fish are hungry they are driven to search for food so are less distracted by other pressures
(Milinski 1993) which enhances learning of foraging skills. Exploration and sampling are also factors
integral to successful foraging. Fish find food through individual sampling, exploring their
environment and paying attention to environmental stimuli (Pitcher and Magurran 1983). Fish use
information about their habitat to deal with variability in that environment and it is thought this ability
might explain observed fish behaviours such as spontaneous alternation, patrolling, effects of hunger,
latent learning and behaviour following changes in food availability (Inglis et al. 2001). Another factor
affecting the learning of foraging skills is cognitive processing which allows an individual to select
from a wide range of pre-learned responses, not only innate ones, allowing flexibility of response.
Goal-directed behaviour is the most basic behavioural marker of cognition. For example, fish can be
trained to feed at a particular location and at a particular time of day by combining a stimulus (food)
with an environmental cue (Reebs 2000). Individuals also remember their feeding success with
particular conspecifics, using that information to shoal with, or remain separate from, those same
conspecifics over several weeks (Dugatkin and Wilson 1992). These latter two studies show that fish
use memory to adjust their behaviour; memory seems to be highly adapted to the specific requirements
of each species, as in some circumstances forgetting may be as important as remembering (Warburton
2003).

1.5: Personality

Personality research in non-human animals has only become common in the scientific literature since
the late 1990’s, despite initial interest in the early 20™ Century with Pavlov’s series of studies on
canines (e.g. Pavlov 1906, 1928), ape studies in the 1930°s by Yerkes (Yerkes and Yerkes 1936,
Yerkes 1939), followed by those of Hebb in the 1940’s (Hebb 1946, 1949). Animal studies can inform

human personality research in many ways, opening up new research opportunities and raising
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questions about the origins of personality traits. Specifically, the past decade of research (since 2000)
has shown the viability of assessing elements of personality in animals, resulting in four main benefits
to the field of psychology. Firstly, animals allow for greater experimental control as they permit a
number of options for experimental manipulation that are not possible in humans. For example,
controlling the environment of test subjects (e.g. De Jonge et al. 1996), conducting genetic
manipulations (e.g. Chiavegatto et al. 2001), altering hormone levels (e.g. Briganti et al. 2003) and
performing pharmacological tests (e.g. Ferris and Delville 1994). Animal studies also allow
measurements of physiological parameters with greater ease than in humans. These include
neurotransmitter and hormone concentrations, hormone receptor binding and subsequent genetic
expression, since this data is normally collected through very intrusive access to cerebral spinal fluid,
blood or specific brain areas (Mehta and Gosling 2006). Thirdly, animals can be observed for longer
periods of time, in more detail and more contexts, and a greater variety of behaviours observed,
relative to humans. Captive animals can potentially be observed for their entire lives from conception
to death, but also observations on wild animals living in natural habitats can generate large amounts of
behavioural and physiological data, and allow questions about how these parameters change in
response to environmental cues, across seasons and over time (e.g. Virgin and Sapolsky 1997). The
final main benefit of using animals in personality research is their accelerated lifespan, making it
possible to conduct longitudinal studies across many generations of the same species, that provide

relatively quick results and are much less costly than equivalent human studies (e.g. Mejia et al. 2002).

Defining the term ‘personality’ is difficult as there is not one specific definition of personality that
would satisfy psychologists across all fields of study. However, Pervin and John’s (1997) definition of
‘those characteristics of individuals that describe and account for consistent patterns of feeling,
thinking, and behaving’, is a general enough description to cover most traits studied by psychologists.
In animal personality research, terms such as ‘temperament’ and ‘behavioural syndrome’ have often
been used instead of ‘personality’, with the latter term having become popular in the field of
behavioural ecology since its definition (suites of correlated behaviours expressed either within a
given behavioural context or across different contexts) by Sih et al. (2004), is very similar to the
concept of personality in humans. Human-personality researchers focus on a wide range of constructs,
including temperament and character traits, dispositions, goals, personal projects, abilities, moods,
attitudes, physical health and life stories. The majority of animal personality studies consider just a
subset of these constructs, called behavioural traits. A set of criteria are used to establish the existence
of personality traits in animals: i) assessments by independent observers must agree, ii) assessments
must predict behaviours and outcomes, iii) observer ratings must reflect genuine traits of the study
individuals, not the observer’s own theories or viewpoint. These criteria allow comparison of many
individuals within and between species, as well as across different situations and through time,

focussing on the consistency of behavioural patterns, rather than on any underlying emotional
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processes. This avoids criticisms about lack of objectivity and anthropomorphism (Weinstein et al.

2008), and further supports the viability of assessing personality in non-humans.

Gosling and John (1999) conducted one of the first cross-species reviews of animal personality traits,
using the well-established human Five Factor Model (FFM; John 1990) as a framework for the
findings. The FFM is a hierarchical model with five broad factors (Neuroticism, Agreeableness,
Extraversion, Openness, Conscientiousness) representing personality in its broadest terms. They found
the dimensions of Extraversion, Agreeableness and Neuroticism were present to some degree in all
species (10 mammals, 1 fish, 1 mollusc) included in the review. Openness was found in 65% of the
species tested whereas Conscientiousness was only identified in one species (Chimpanzees, Pan
troglodytes). Dominance and Activity also emerged as clear separate factors in up to 35% of species.
The most comprehensive review of recent animal personality studies was carried out by Gosling
(2001), and identified 187 personality studies in 64 different species, providing much evidence for the
wide distribution of personality traits across many animal taxa, such as numerous primates, birds, fish,
reptiles, amphibians, arthropods and molluscs (e.g. Gosling 2001, Weiss et al. 2006, Cote and Clobert
2007, Kortet and Hedrick 2007, Kralj-Fiser et al. 2007, Magnhagen 2007, Sinn et al. 2008).

Within the field of behavioural ecology, and most pertinent to this thesis, three main personality traits
have been well-studied: activity, aggressiveness and boldness. These traits are often interrelated (e.g.
Huntingford 1976, Riechert and Hedrick 1993, Bell 2005, Johnson and Sih 2005) and all centre on a
fundamental trade-off between gaining more resources but risking higher mortality (Stamps 2007).
Firstly, when considering activity, the standard trade-off for prey animals is that, when predators are
present, an increase in prey activity results in higher prey feeding rates but also a higher predation risk
(Sih 1987, Wemer and Anholt 1993, Lima 1998). Experimental studies have shown that average prey
activity levels differ not only in the presence versus absence of predators, but also in different
situations (e.g. Sih et al. 1988, Verbeek et al. 1994, 1996, Maurer and Sih 1996, Sih et al. 2003,
Brodin and Johansson 2004). Across-situation correlations in activity are important to consider, since
individuals that are more active than others in the absence of predators may be inappropriately active
when predators are present, thus suffering a higher rate of predation (Sih et al. 2004). The second main
ecologically important behavioural axis is aggressiveness, defined as the tendency to attack other
individuals (Sih et al. 2004). More aggressive individuals attack both prey and territorial intruders
(conspecifics and potential predators) more quickly than less aggressive counterparts (Riechert and
Hedrick 1993). However, this can result in a higher risk of mortality, and, in some species,
aggressiveness can incur fertility costs through precopulatory sexual cannibalism (e.g. Arnqvist and
Henriksson 1997). Thirdly, the propensity of an animal to take risks, or its boldness, has been well
documented (e.g. Wilson et al. 1994, Coleman and Wilson 1998, Wilson 1998), with bold and shy

individuals differing in a variety of behaviours, such as predator inspection, acclimation and activity in
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a novel environment, foraging behaviour and refuge use, dispersal ability, reproductive success (Godin
and Dugatkin 1996, Coleman and Wilson 1998, Reale et al. 2000, Fraser et al. 2001, Dingemanse et al.
2003, Reale and Festa-Bianchet 2003). Bold individuals trade off an increased level of risk across

different situations against the chance of acquiring new and more resources.

1.6.1: Model species - the Trinidadian guppy

Guppies belong to the family of Poeciliidae, a group of fish characterised by internal fertilisation,
viviparity and the male external sexual organ, the gonopodium (e.g. Rosen and Bailey 1963, Wourms
1981). The guppy, Poecilia reticulata Peters (1859) is a small (max standard length 45 mm) tropical
fish with a short generation time, that gives birth to live young and is sexually dimorphic, with males

being smaller and more colourful than females (Froese and Pauly 2008) (Figure 1.1).

Figure 1.1: Wild strain (A) female (from www.thinkfish.co.uk) and
(B) male (from www.mysite.verizon.net) guppies.

In fact, guppies are notable amongst the poeciliids for having the greatest degree of sexual dimorphism
and diversity of male colour patterns (Houde 1997). This, together with the adaptability of the guppy
to live in a wide range of habitats under different environmental conditions, has meant that this species

has been adopted as a model organism for testing key evolutionary theories (Amundsen 2003).

The natural range of the guppy is Trinidad, Venezuela, Guyana and Surinam (Farr 1975), although
these fish now have a worldwide distribution due to their popularity as an aquarium fish, and use as a
biological control agent for malaria mosquito larvae. Guppies tolerate a temperature range of

18-28 °C. The majority of fieldwork on this species has been conducted in the northern mountain
range of Trinidad (Figure 1.2) and many laboratory studies have used guppies from this location also
(Houde 1997). Guppies are usually found in freshwater, in clear, relatively fast-flowing mountain
streams as well as larger and turbid lowland rivers (Kenny 1995, Houde 1997, Magurran and Philip
2001), but can also occur in small ponds and tolerate brackish water (Magurran 2005). This species
can also be found in polluted water bodies, such as drainage ditches, as well as a natural pitch (tar)

lake (Schelkle et al. in prep.).
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Figure 1.2: Trinidad’s northern range and location of key guppy
populations (from Magurran 2005)

Guppies are omnivorous and consume insect larvae and other invertebrates, algae and detritus, and
young of their own species (Dussault and Kramer 1981). Guppies are not only morphologically
distinct but also display dimorphism in their feeding behaviour. Males ingest more algae per peck than
females and spend less time foraging (Dussault and Kramer 1981, Magurran and Seghers 1994). Males
also move between feeding sites more, and rely less on previous experience when choosing a foraging
site than females (Abrahams 1989). These differences reflect the inherently different reproductive
strategies of males and females, where males are continually search for mating opportunities, and

females prioritise resource acquisition to cope with the energetic costs of reproduction (Houde 1997).

The configuration of river systems in Trinidad along with the physical distribution of fish species in
them, including guppies, has resulted in numerous populations evolving rapidly and independently
from each other. There is considerable variation between populations in predator pressure as well as
other environmental factors that impact on a range of adaptive traits, leading to parallel but
independent evolutionary changes between guppy populations (Houde 1997, Magurran 2005).
Predation is a major factor influencing geographic variation in adaptive traits (reviewed by Endler
1995). The rivers on the southern slopes ofthe Northern Range in Trinidad contain guppies throughout
almost their entire course, and these rivers are broken up by waterfalls that are sufficiently large to
prevent upstream colonisation by larger fish predators (Magurran 2005). Therefore, upstream and
downstream rivers differ in their predator fauna and hence predation risk, a major ecological factor. A
number of traits are known to be affected by differences in predation pressure between populations,
such as foraging and mating behaviours. Godin and Smith (1988) found that guppies that foraged on
higher densities of prey had a higher risk of capture by a predatory cichlid. Also, guppies can continue
to forage in to the night to avoid diurnal predators (Fraser et al. 2004). Many sexual selection studies

have been performed using the guppy model system, assessing how the evolution of reproductive
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behaviour is affected by environmental variation, and to look at the joint evolution of male secondary

sexual traits and female mate choice (Houde 1997).

Guppies exhibit varied mating strategies, such as male coercion, multiple mating, sperm competition,
with the main one being female choice for male secondary sexual characteristics, namely colour
pattern (e.g. Schmidt 1920, Bisazza 1993, Brooks and Endler 2001, Herdman et al. 2004). Male
guppies produce sperm bundles and transfer these to the female using the gonopodium, a modified
anal fin. Part of the anal fin is thickened and elongated to form the tube-like gonopodium structure
(Clark and Aronson 1951, Constantz 1989). The logistics of copulation involve the male positioning
himself so that he can swing the gonopodium forward and insert it into a female’s genital opening,
thus transferring sperm. Males usually employ two strategies to achieve copulation, either displaying
in order to achieve a consensual mating with a receptive female, or engaging in ‘sneaky’ matings
whereby males attempt to mate with unresponsive females (Baerends et al. 1955). Female guppies are
typically more receptive to mating either as virgins or up to 2 days after giving birth (Liley 1966).
Females can store sperm in their ovaries and gonoducts (Constanz 1989) and use it to fertilise ova for
up to 8 months (Winge 1937), which means that a single pregnant female can potentially found a new
population or colonise a new area (Houde 1997). A typical reproductive cycle lasts 25-30 days
(Haskins et al. 1961) and female guppies can produce 20 or more young per litter per individual,
largely depending on their body size (Reznick and Endler 1982, Reznick and Bryga 1987, Travis
1989, Houde 1997).

When born, guppy fry are well developed and do not need parental care. They can school immediately
and display anti-predator behaviour (Magurran and Seghers 1990). Male and female guppies can be
visibly distinguished from approximately 4 weeks old. Females begin to show a dark colouration
around the anal region at this stage, whereas the anal fin in male guppies starts to thicken at 5 to 6
weeks of age and colour begins to appear on the tail (Houde 1997, Reznick et al. 2001). Males begin
to exhibit sexual behaviour as the gonopodium develops and start to perform courtship displays as the
colour patterns develop. Females may also mate before while their ova are still immature, and store the
sperm until the ova mature (Houde 1997). Guppy females can continue to produce young until 20-34
months of age (Reznick et al. 2001a).

The other poeciliids used as study species in this thesis are mollies (Poecilia sphenops), platys
(Xiphophorus maculates) and green swordtails (X. hellerii). They are small, live-bearing species that
live in freshwater, and have a wide distribution throughout tropical and subtropical regions of the
world. Mollies and swordtails both have a fairly diverse diet; mollies are mainly herbivorous and eat a

great amount of detritus (Trujillo-Jimenez and Beto 2007) and swordtails are omnivorous, consuming
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aquatic plant tissue, algae and a range of invertebrates (Arthington 1989). Platys are more specialised

feeders, primarily ingesting atyid shrimp (Arthington 1989).

1.6.2: Model species - three-spined stickleback

This fish belongs to the gasterosteid family that are restricted in their distribution to the temperate and
sub-polar zones of the northern hemisphere, being found between 35°N and 70°N in Europe, parts of
Asia and northern America. Three-spined sticklebacks, Gasterosteus aculeatus Linnaeus (1758)
(Figure 1.3), are perhaps the best known of the species, and have attracted the most attention from

biologists due to their hardy nature and adaptability to laboratory conditions.

Figure 1.3: Gasterosteus aculeatus (from Wootton 1984)

This species is usually found in schools of closely-associated individuals. They can live in fresh,
brackish and salt water, being most common in slow-flowing rivers, sheltered bays and harbours, but
can also be found in lakes and ponds with submerged vegetation for cover. Adults are normally 35-80
mm total length and its common name, the three-spined stickleback, is taken from the three dorsal
spines that precede the dorsal fin. These spines together with lateral body plates provide the fish with a
flexible segmented armour that protects it from vertebrate predators (Hoogland et al. 1957, Bell and
Foster 1994). The distribution and number of plates varies extensively within and among freshwater
populations of three-spined sticklebacks (reviewed in Bell 1984, Wootton 1984), typically three
morphs are recognised: complete, partial and low plated (Mattem 2007). This variability is one reason
that this species has become a classic model for evolutionary and ecological studies (Bell and Foster
1994). Three-spined sticklebacks are also abundant and widespread, making them readily available for
research, and within a relatively small area, populations may exhibit very different morphology and
occupy diverse habitats. It is a small, common fish, so numerous individuals can be assessed over a
small area in a short time in the wild, but also large sample sizes can be collected and maintained
easily in the laboratory. This species also exhibits a range of conspicuous and ritualised behaviours,
such as aggression, territoriality, courtship and male parental behaviours as well as foraging and anti-
predator tactics, that have been studied to answer basic questions in behaviour, ecology and evolution

(Bell and Foster 1994).
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Specifically of interest in the context of this thesis is the foraging behaviour and diet of the three-
spined stickleback. Survival, growth and reproduction are not possible without the resources that
foraging provides. Sticklebacks are primarily visual predators (Beukema 1968, Wootton 1976),
feeding only in the light (Wootton 1984), so cues such as size, movement, shape and colour contrast
with the background, are important for prey detection. Habitat structure also affects foraging
behaviour, and the differences in demands between habitats has caused sticklebacks to adapt
specifically to them (Larson 1976, Bentzen and McPhail 1984, Lavin and McPhail 1986, Ibrahim and
Huntingford 1988). This is most clearly seen when comparing sticklebacks from benthic and pelagic
habitats, employing different search tactics to detect prey and being morphologically adapted to life in
running or still water (Taylor and McPhail 1986).

Sticklebacks inhabit a variety of habitats but it seems that the same prey form the bulk of their diet,
with the most prominent being the microcrustacean copepods, e.g. Diaptomus and Epischura,
cladocerans, e.g. Bosmina and Holopedium, and ostracods. Chironomid (midge) larvae,
ephemeropteran (mayfly) nymphs, oligochaetes, molluscs and algae are also ingested to varying
extents (Wootton 1976, 1984). The diet of sticklebacks is partly affected by seasonal variations in the
abundance and availability of prey, with the diet of G. aculeatus being dominated by copepods in
spring and early summer and again in late summer and early autumn. Mayfly nymphs are the main
prey eaten in mid-summer, algae ingested primarily in autumn and winter, whereas midge larvae are
eaten all year round (Allen and Wootton 1984). Sticklebacks, especially males, vary the amount of
prey ingested according to their reproductive behaviour. They eat more in the breeding season of
spring and early summer when much energy is needed for nest building and courtship, whereas in

mid-summer food intake drops, as they prioritise parental care.

1.6.3: Model species - Gyrodactylus

Parasites are known to be a major evolutionary driving force for many life history traits, such as sexual
selection, reproductive behaviour, growth, immune defence and dispersal (Hamilton and Zuk 1982,
May and Anderson 1983, Hamilton et al. 1990, Hochberg et al. 1992, Koskela 2002, Moller et al.
2004, Fredensborg and Poulin 2006). The monogeneans, Gyrodactylus spp. are ubiquitous and highly
diverse ectoparasites of teleost fish. They reproduce viviparously, facilitating exponential population
growth and making them one of the most invasive groups of fish parasite (Kennedy 1994). Particularly
well studied are the species of gyrodactylids that are found on poeciliids and sticklebacks, namely G.
turnbulli and G. bullatarudis that infect the guppy, and G. gasterostei that infects the three-spined
stickleback. Adult gyrodactylids reproduce on the host epidermis, giving birth to offspring that contain
developing embryos (reviewed by Cable and Harris 2002). Gyrodactylids can also survive for up to 32
hours off the host (pers. obs.). These parasites are economically important both in the farming and

aquaculture industries (reviewed by Bakke et al. 2002, 2007), and are a conservation issue threatening
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endangered fish stocks (Leberg and Vrijenhoek 1994, Hedrick at al. 2001). Gyrodactylids were first
used as model organisms mainly due to their unique reproduction (e.g. Braun 1966), with Scott and
Anderson (1984) showing their use in an epidemiological model. Since their confirmation as important
fish pathogens, resulting from the decimation of Atlantic salmon stocks in Norway following
introduction of G. salaris (Heggberget and Johnsen 1982, Johnsen et al. 1999), the use of
gyrodactylids as model organisms has grown rapidly, and they have recently been used as a model
system to assess the impact of parasites on conservation practices (van Oosterhout et al. 2007, Faria et
al. 2010).

The host-parasite model system used in this thesis is that of G. rurnbulli infection of the guppy. These
parasites have a prevalence of greater than 75% in some wild Trinidadian guppy populations (van
Oosterhout et al. 2007). Parasite loads on wild fish can be as high as 100 parasites per individual
guppy (van Oosterhout et al. 2006), with the average load on most hosts being <10 worms per
individual (Harris and Lyles 1992). Infection reduces foraging rate (van Oosterhout et al. 2003) and
the carotenoid content and resulting colour saturation of male guppy orange spots (Houde and Torio
1992), which is a primary target of female choice (Kodric-Brown 1989, Grether 2000). Infected males
have been shown to be less attractive to females than uninfected males (Kennedy et al. 1987, Houde
and Torio 1992, Houde 1997, Lopez 1998), indicating that gyrodactylids could be a strong selective
force in wild guppy populations. Secondary pathology associated with heavy worm infection causes
severe fin clamping (Cable et al. 2002) which may negatively affect swimming performance of these

fish. Mortality rates of up to 50% have been seen in some experimental infections (Houde 1997).

Gyrodactylids are transmitted by direct contact between fish (Scott and Anderson 1984) making them
highly contagious. Due to their direct life cycle it is thought that Gyrodactylus spp. are capable of
continuous transmission, able to infect new hosts at any time of their life cycle (Boeger et al. 2005).
There are four known transmission routes of gyrodactylids: i) direct transfer between live hosts; ii)
contact between live and dead infected hosts; iii) transfer between fish and detached gyrodactylids on
the surface water film; iv) transfer between fish and parasites on the substrate (Bakke et al. 1992,
Soleng et al. 1999). El-Naggar et al. (2004) showed that G. rysavyi, that infects Nile catfish, is capable
of unidirectional ‘swimming’ for up to 8 s if detached from the host. The particular transmission
strategy used by gyrodactylids is possibly linked to host behaviour and ecology (Bakke et al. 2007).
For example, G. salaris, infecting Atlantic salmon (Salmo salar), has been shown to remain attached
to a dead host (Olstad et al. 2006), since this species of salmon is predominantly solitary, with
individuals at all life stages preferring to be in close proximity to the substrate in shallow, fast flowing
water (Bagliniere and Champigneulle 1986). In contrast, some species of gyrodactylid move off the
dead host, e.g. G. gasterostei and G. turnbulli which infect the three-spined stickleback and guppy

respectively (Cable et al. 2002a, b). These particular host species occur in shoals and so the
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detachment from a dead host, for these Gyrodactylus species, may be attributed to host shoaling

behaviour as this would increase the likelihood of subsequent transmission to new hosts.

Gyrodactylids attach to their host using a posterior attachmentorgan called the opisthaptor. This

consists of a centralpair of larger hooks, the hamuli, surrounded by a ring of smaller marginal hooks

(Figure 1.4), the exact arrangement of which varies hugely between species. The smaller hooks act as

the primary mode of attachment while the hamuli prevent the parasite from being dislodged by sinking

in to the host epidermis (Lester 1972). Marginal hook morphology has been widely used to identify

gyrodactylids to species level, although there are a number of problems associated with this, partly due
to the level of expertise required both for identification and sample preparation
to avoid discrepancies in measurements of the hooks (e.g. Shinn et al. 2010).
Furthermore, there is considerable morphological variation within species
(Harris 1998) caused by factors such as temperature, water chemistry and
salinity (reviewed in Bakke et al. 2007). To overcome such problems, new
methods of identification have been developed, for example chaetotaxy (the
use of sliver nitrate in mapping surface sensory structures) (Shinn et al. 1998a,
1998b), Scanning Electron Microscopy (Shinn et al. 2000), light microscopy
(McHugh et al. 2000), as well as the development of molecular markers (e.g.
Hansen et al. 2003).

Figure 1.4: Light micrograph of Gyrodactylus gasterostei (from Dr. J Cable)

The success of gyrodactylids in colonising teleost hosts is due mainly to their viviparity. The parent
individual contains an FI embryo in its uterus, which in turn has a developing embryo (F2) within it,
akin to ‘Russian dolls’. Therefore, under optimal conditions (25 °C), the parent gives birth to a fully
formed offspring within 24-48 h of the parent’s own birth (e.g. Scott 1982). The new offspring
attaches itself to the host next to the parent. This short generation time increases reproductive rate
despite the low fecundity (typically 1-2 offspring per parent, see Scott 1982). Reproduction is
primarily asexual (Harris 1993) but a small proportion of individuals (possibly as little as 1%)
reproduce sexually (Harris 1993). The female reproductive system consists of an egg cell forming
region (ECFR), uterus and vitelline cells (Cable et al. 1998), whereas the male system is comprised of
a single testis, seminal vesicle and penis (Cable and Harris 2002). Reproduction in Gyrodactylus
species follows a certain pattern with the first and successive offspring having different developmental

origins (Cable and Harris 2002). The first bom daughter develops as a ball of cells within the parent
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while second and subsequent offspring develop from oocytes (Cable and Harris 2002). Birth occurs
very quickly when the anterior region of the daughter is freed from the parent, the offspring attaches to
the host using its opisthaptor and pulls itself free from the mother. Temperature is the major factor
affecting gyrodactylid population growth rate (e.g. Davidova et al. 2005), reproduction and survival
(Scott and Anderson 1984, Jansen and Bakke 1991, Bakke et al. 2007). At higher temperatures (up to
an upper limit of 30°C), population growth rate and reproductive rate increase, while survival is
prolonged at lower temperatures (e.g. Harris 1982, Jansen and Bakke 1991, Scott and Anderson 1984,
Scott and Nokes 1984). Temperature can also influence the abundance and transmission of
gyrodactylids (Bakke et al. 2007).
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1.7: Thesis aims and hypotheses

In this thesis, I investigate three main topics. First, I examine the occurrence of conservative foraging
in four poeciliid fish species (Chapter 2), and whether such a strategy is affected by the social context
of predators (Chapter 3). Dietarily conservative foraging occurs in many bird species and is known in
one other fish species, but it is unknown to what extent it exists in others. In Chapter 2, I test the
hypotheses that poeciliid fish species are less dietarily conservative than a temperate fish species, the
three-spined stickleback (Gasterosteus aculeatus), and investigate the effects of sex, body size,
foraging context (making the prey cryptic or conspicuous) and species differences between the
poeciliids. Chapter 3 extends the work in Chapter 2 and tests the hypothesis that fish in shoals exhibit

a less conservative foraging strategy than solitary fish.

Secondly, I consider the interplay between boldness (an aspect of personality) and fish behaviour, and
the subsequent impact on parasite transmission. An animal’s personality appears to affect how it
interacts with its environment, for example, its reactions to predators, food sources, social and sexual
encounters with conspecifics. However, there has been little work to date on how shoaling behaviour
is affected by an individual’s personality and specifically of interest in this thesis, how boldness is
affected by social context and mating status. In Chapter 4, I investigate the occurrence of boldness in
different populations of a fish species (the guppy, Poecilia reticulata), as well as the impact on
behaviour of repeatedly testing for boldness. I test the hypotheses that shy fish shoal more than bold
fish across the same time frame, and that shy and bold fish habituate to repeated boldness testing. In
Chapter 5, I test the hypotheses that virgin female fish are bolder than their mated counterparts and
that boldness decreases during gestation. Chapter 6 assesses the impact of boldness on parasite
transmission as, to date, there is no empirical evidence linking the possible effect of host boldness on
parasite transmission within social groups of animals. I specifically test the hypothesis that shy fish
have a greater chance of acquiring a parasite infection from an infected shoal member because they

shoal more than bold counterparts.

Thirdly, I examine the role of host sex and social contact in the transmission of directly-transmitted
parasites. In Chapter 7, I investigate the role of sex specific differences in host grouping behaviour
affecting transmission of an ectoparasite (Gyrodactylus turnbulli), hypothesising that greater parasite
transmission occurs between female fish due to their higher shoaling tendency compared to male fish.
Chapter 8 aims to determine more fully the effect of host contact on parasite transmission,
hypothesising that those hosts in more prolonged and closer contact with each other experience a

greater chance of acquiring a parasite infection from an infected shoal member.

The thesis is presented as 7 data chapters and each chapter is self-contained. As a result, there is some
repetition between chapters, but each stands alone as a potentially publishable paper. Chapter 7 has

been published in PLoS ONE. Chapters 2 and 3 have been submitted for publication. There are also
18



two Appendices; Appendix I represents a preliminary study on the molecular scatology of fish faeces,
detecting host and prey DNA, and Appendix II represents a collaborative study on the ability of

guppies to forage on conspicuous and cryptic live prey, that will be submitted for publication with Dr

Bart Adriaenssens as lead author.
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Chapter 2: Variation between and within fish species in the expression of dietary conservatism

2.1: Abstract

When animals encounter a new food, they must decide whether to eat it and risk being poisoned, or
avoid it but risk losing out on a valuable food resource. Some individuals within a foraging population
are ‘adventurous consumers’ (AC) and readily accept novel food items into their diets, while others
display an active and long term avoidance of novel food, called ‘dietary conservatism’ (DC). Previous
studies have shown the phenomenon of DC in many bird species and in a temperate fish, the three-
spined stickleback (Gasterosteus aculeatus). However, it is unknown to what extent DC exists in other
fish species, and so in the current study, we investigated the occurrence of DC in four species of
tropical fish belonging to the poeciliid family (Poecilia reticulata, P. sphenops, Xiphophorus
maculates and X. hellerii). Dietary conservatism strong enough to drive a novel prey morph from
initial rarity to fixation in a prey population was detected in all four poeciliid species. The proportion
of both prey types eaten by fish in one-off preference tests (to test for any pre-existing colour
preference) varied between fish species and sizes, and was also affected by relative prey crypsis.
Despite these underlying differences in pre-existing colour preferences, there was no significant
difference between poecilid species, sexes or sizes in the likelihood of the novel morph reaching
fixation; neither was there an effect of the relative conspicuousness or crypsis of the novel prey.
Poeciliids were however less likely than sticklebacks to drive the novel prey morph to fixation. The
current study provides strong evidence for the widespread existence of dietary conservatism in fish
populations from a range of habitats, and the nature of the selection pressures exerted by DC foragers

on prey populations.

2.2: Introduction

Animals are often faced with a choice between eating familiar food, or expanding their diet by
consuming a novel item. It has long been recognised that animals hesitate to approach novel foods that
they encounter (Barnett 1958, Brigham and Sibley 1999) and this initial fear of novelty (literally
‘neophobia’) lasts only a matter of minutes in most animals. In contrast, a second response to novel
food has been identified in which the foragers overcome their neophobia to approach and touch the
food, but nonetheless continue to avoid eating it for considerable periods of time (Marples and Kelly
1999). This much longer avoidance of novel food has been termed dietary conservatism (Marples et al.
1998) and, unlike neophobia, it does not rapidly subside over repeated encounters. For example, Kelly
(2001) found that among wild birds, some individuals avoided novel food for more than 2 years and
200 exposures, even though the novel food was conspicuous and fully palatable. This surprising

phenomenon of dietary conservatism has been described in a range of bird species, and recently, the
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first occurrence of this behaviour was recorded in a fish, the three-spined stickleback, Gasterosteus

aculeatus (Thomas et al. 2010).

One remarkable observation about the phenomenon of dietary conservatism (DC) is that each of the
forager populations examined so far have included some individuals which display DC and some
individuals which do not. The individuals which display a DC foraging strategy exhibit the protracted
avoidance of eating novel food described above. The other individuals have a much more adventurous
foraging strategy and begin to eat the novel food either as soon as they encounter it, or after their
neophobia has waned enough for them to approach it and touch it. Thomas et al. (2010) defined
individuals following this second strategy as being ‘adventurous consumers’ (AC). It is possible that
the balance of DC and AC foraging strategies in a population of predators is influenced by the
predator’s ecology. For example, DC may be favoured in habitats where prey are relatively cryptic,

whereas AC may be favoured in environments with a high diversity but low abundance of any

particular prey type.

Dietary conservatism could have facilitated the evolution of warning colouration, because if predators
avoid novel prey for sufficient time, novel colour morphs could survive and spread in a population of
familiar prey (Coppinger 1969, 1970, Gotmark 1994, 1996, Thomas et al. 2003, 2004). This idea of
DC facilitating the survival and selective advantage of novel colour morphs has been tested using
birds and fish as predators foraging on populations of artificial prey, into which novel colour morphs
were introduced at a low initial frequency. The frequencies of the novel and familiar morphs were then
allowed to change in response to the selection pressure imposed by the foragers, in an empirical
simulation of the evolutionary process. These studies have demonstrated that DC can allow fully
palatable novel colour morphs to survive and spread to fixation (i.e. the novel morph increases in
frequency to reach 100% of the prey population) in small populations of otherwise familiar coloured
prey (Thomas et al. 2003, 2004, 2010). The method used in these studies provides a very robust test of
whether an individual forager shows DC, as only highly conservative foragers would exert sufficient
selection pressure to cause an initially rare novel mutant to spread to fixation. Such a conservative
forager would have to continue to avoid the novel colour morph even when it has become much more
abundant than the originally common familiar morph. In the present study, we used the same method
as Thomas et al. (2003, 2004, 2010) to address a series of related questions regarding the prevalence
and ecological relevance of AC and DC foraging strategies in a range of fish species. We investigated
the ratio of AC to DC foraging strategies in populations of four different species of tropical poeciliid,
and compared the foraging strategies of these species with one temperate species, the three-spined
stickleback, studied by Thomas et al. (2010).
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We tested for differences in the frequency of strongly DC individuals between species, sexes, and fish
of different sizes. In addition, it was important to consider the context in which fish encounter prey in
the wild, where the colour of both the prey and the surrounding habitat could combine to make prey
appear conspicuous or cryptic. Previous studies have shown an effect of relative prey crypsis on fish
foraging ability (e.g. Gendron and Staddon 1983, Johnsson and Kjallman-Eriksson 2008). Therefore,
we also tested whether the prevalence of DC was affected by the colour or the conspicuousness of the
novel food. Finally, we investigated what happens if, after a novel morph has spread to fixation in a
prey population, the originally familiar morph re-appears in the prey population, as might occur by
immigration or mutation. We predicted that strongly DC fish would continue their avoidance of the
originally novel morph and continue to place the originally familiar morph at a selective disadvantage,

preventing its re-invasion of the prey population.

2.3: Materials and Methods

2.3.1: Experimental animals and prey origins

Four poeciliid species, namely Trinidadian guppy (Poecilia reticulata, n=121 individuals), mollie (P.
sphenops, n=112), platy (Xiphophorus maculates, n=116) and green swordtail (X. hellerii, n=126),
were purchased from a commercial supplier (J and K Aquatics, Taunton, U.K.). On arrival at Cardiff
University, all fish were briefly anaesthetised in 0.02% MS222 (tricaine methane sulphonate) and
externally screened for visible parasites under a stereo-microscope with fibre-optic illumination.
Infected individuals were treated with 0.2% Levamisole and re-checked for parasites prior to use (see
Schelkle et al. 2009). During this period, fish were habituated to laboratory conditions in glass aquaria
with a 12 h light: 12 h dark lighting regime, and fed on a diet of food-flakes (Aquarian®), and frozen
bloodworm (Chironomid larvae). Two days before the feeding trials, the fish were individually
transferred to one-litre containers containing dechlorinated water at 25+0.5°C. The data for three-
spined sticklebacks analysed in the current study were previously obtained by Thomas et al., using
methods identical to those used here for the four poeciliid species, apart from the water temperatures

in which the fish were kept (see Thomas et al. 2010 for full details).

For the feeding trials in the experiments described below, prey consisted of 1-2 mm diameter freeze-
dried Daphnia, dyed in a 10 m]l mixture of ‘Supercook’ food colouring (Dr. Oetker Ltd., Leeds, U.K.).
Green Daphnia were dyed with 6ml green dye and 4ml water, and the brown Daphnia coloured with
0.5 ml red dye, 5.0 ml green dye and 4.5 ml water. The Daphnia were immersed in food dye solution
for 10 min, removed with a spatula and rinsed twice in dechlorinated water before being used
immediately in the feeding trials. The dried Daphnia retained the colour of the dye for over 2 h, which
was sufficient time for each feeding trial to take place. The reflectance spectra of the food dyes used to
colour the Daphnia were very different from each other (Thomas et al. 2003), allowing the fish to use

colour to discriminate between the two prey types.
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2.3.2: Experiment 1: Testing for pre-existing colour preferences

Fish may have pre-existing preferences for prey of, for example, a certain colour, shape or odour,
based on previous foraging experiences or innate preference. To test for any such pre-existing colour
preference for green or brown prey, fish with no prior exposure to artificially coloured prey were
offered 10 green and 10 brown coloured Daphnia, on each background colour (white, green and
brown). Thirty fish of each poeciliid species were tested with each background colour (i.e. n=90
individuals for each species), and the number of prey of each colour consumed was recorded. The fish
used in the colour preference tests were not used in any further prey choice experiments, as they were

no longer unfamiliar with the prey colours used.

2.3.3: Experiment 2: Testing for dietary conservatism where novel and familiar prey are equally
conspicuous

The aim of this experiment was to investigate whether rare novel prey phenotypes can survive and
increase to fixation in the face of predation by fish, when the novel prey are no more conspicuous than
the familiar prey. The experiment therefore tests for the effects of novelty on the foraging decisions of
predators, while excluding any differences in conspicuousness between the familiar and novel morphs.
Fish were kept in one-litre containers that were covered on all sides with laminated white paper. This
provided a homogeneous background against which all prey were equally conspicuous, and screened
each fish from its neighbour (in order to avoid an individual fish being influenced by the foraging
decisions of its neighbours). Sample sizes for each species were as follows: guppy n=36 individuals,
molly n=24, platy n=20, swordtail n=36). Half of the individuals of each species were familiarised
with foraging on either green or brown prey. Previous studies have shown that as birds and fish
become familiar with a given colour of food, they acquire a preference for that food (Marples et al.
1998, Thomas et al. 2003, 2010).

In the present study, we made the assumption that fish fed a certain colour of Daphnia over a seven-
day period would subsequently treat that colour of Daphnia as ‘familiar’ relative to Daphnia of
colours they had not been fed. This familiarisation process involved providing the fish with 20 prey of
the appropriate colour each day for 7 days, with half the fish receiving green prey and the other half
brown prey. Non-responsive fish (i.e. individuals that failed to feed during the familiarisation period)
and/or fish in poor health were excluded from the trials (n=10 individuals). We acknowledge that non-
responsive fish could be failing to eat this food due to extreme DC, and by excluding these individuals
we could actually be removing the most dietarily conservative proportion of the population. However,
it was necessary to exclude such individuals in order to test the hypotheses of the current study, since
we needed fish that made an active choice as to which prey to ingest, rather than making no choice at
all.
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On the 8™ day of the experiment, each fish was offered 19 of its familiar prey and one of the novel
colour morph. After 90 min of foraging, all remaining prey were removed and the numbers of each
colour were counted. The next day, the fish was offered the two colours in proportion to the numbers
of each colour left uneaten the day before, scaled up to make a total of 20 prey again. The formula

employed for doing this was as follows:

Number of novel prey remaining x 20 = Number of novel prey to be given the next day
Total number of prey remaining (rounded to the nearest whole number)

Thus, a period of predation was followed by simulated ‘breeding’ in proportion to the survivors’
colour morphs, and then another bout of predation the following day. This process continued day-by-
day until one colour or the other reached fixation in the population, and the other had been driven to

extinction.

2.3.4: Experiment 3: Testing for dietary conservatism where novel prey are more conspicuous than
Jfamiliar prey

This experiment investigated whether rare novel mutants can increase to fixation in the face of
predation, even when they are much more conspicuous than familiar prey (which is the expected
situation for the initial appearance of a new warning colour signal). Methods were identical to those
described for Experiment 2, except that the test pots that housed the fish (guppy n=30, molly n=31,
platy n=34, swordtail n=34) were covered with laminated paper coloured (using the same food
colouring solutions) to match the familiar prey for that individual fish, e.g. green containers for fish
familiarised with green prey, and brown containers for those fish familiarised with brown prey. This

caused the novel prey to be more conspicuous against the background than the familiar prey.

2.3.5: Experiment 4: Testing for dietary conservatism where novel prey are cryptic compared to
Sfamiliar prey

The aim of this experiment was to investigate whether rare novel prey phenotypes can survive and
increase to fixation in the face of predation by fish, when the novel prey are much less conspicuous
than the familiar prey. Methods were identical to those described for Experiment 2, except that the test
pots in which the fish (guppy n=21, molly n=25, platy n=29, swordtail n=25) were kept were covered
with laminated paper coloured to match the novel prey for that fish, i.e. green containers for fish
receiving green novel prey (familiarised on brown) and brown containers for those fish receiving
brown novel prey (familiarised on green). In this case, the familiar prey would be more conspicuous

against the background than the novel prey.
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2.3.6: Experiment 5: Re-invasion of prey populations by previously familiar prey morphs

The subset of individual fish from Experiments 2-4 that drove the novel morph to fixation (n=10
guppies, n=4 mollies, n=12 platys, n=7 swordtails) were tested for their response to an immediate re-
appearance in the prey population of the originally familiar colour morph. Re-invasion by the
originally familiar morph was of interest since it seems reasonable to assume this would occur in a
natural habitat in which dispersal from neighbouring prey populations was likely. These fish were
tested in the same containers (i.e. with the same background colours) as in their original experiment,
and given 20 of the originally novel morph on the day following fixation (referred to as day 2R, where
day IR represents the day of fixation). Then, on day 3R, they were offered one individual of the
originally familiar colour, plus 19 of the originally novel prey, and another sequence of predation
periods followed by ‘breeding’ of the prey was initiated, following the protocol described under
Experiment 2. This continued until one colour or the other reached fixation in the population, and the

other had been driven to extinction.

2.3.7: Statistical Analyses

A chi-square test was used to test for differences in the frequency of fixation events between the three-
spined sticklebacks used previously by Thomas et al. (2010) and the poeciliid species in the current
study. Following this, data for poeciliid species only was analysed in detail. Continuous data were
natural log transformed where appropriate, to achieve normality. For all of the following multivariate
analyses, a backwards stepwise approach was used to reach a final model. All analyses were
performed in Minitab 15. We tested for pre-existing preferences for brown or green coloured prey,
using a General Linear Model (GLM), with fish species (‘Species’) as a factor and fish standard length
(‘Size’) as a covariate nested within species. The response variable ‘Preference’ was the difference
between the number of brown and green prey eaten, expressed as a proportion of the total number of

prey eaten. This was calculated as follows:

Preference = Number of brown prey eaten — Number of green prey eaten

Number of brown prey eaten + Number of green prey eaten

The effect of relative prey crypsis on any pre-existing prey preference was tested using a GLM, with
background colour (‘Background Colour’) as a factor with fish standard length (‘Size’) nested within

background, using the response variable ‘Preference’.

The impact of species, sex, size, novel colour and relative novel crypsis on the likelihood of fixations
of novel prey was assessed using a binary logistic regression, with fixation occurrence (0 = extinction,
1 = fixation) as a binary response variable, and with species (‘Species’), sex (‘Sex’), novel prey colour

(‘Novel’) and novel prey crypsis (‘Novel crypsis’) as factors. Differences in the length of time taken
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by fish species to drive the novel morph to fixation were investigated using a GLM, with fish species
(‘Species’), sex (‘Sex’), novel prey colour (‘Novel’) and relative novel crypsis, i.e. whether the novel
is cryptic or conspicuous against the background colour (‘Novel crypsis’) as factors, with fish standard

length (‘Size’) nested within species.

2.4: Results

2.4.1: Dietary conservatism in poeciliids and sticklebacks

Three-spined sticklebacks (data from Thomas et al. 2010) were compared with the four poeciliid
species (pooled) in the current study for their overall level of DC, by comparing the total proportion of
fixations occurring in both groups of fish. Thomas et al. (2010) showed that 33% of three-spined
sticklebacks drove the novel morph to fixation, whereas the equivalent figure for the four poeciliid
species in the current study was 11%. A chi-squared test revealed a significant difference between
fixation rate observed among three-spined sticklebacks (from Thomas et al. 2010) and the four
poeciliid species used in the current study (x’=32.89, d.f=1, P<0.001). Thus, though strong DC
regularly occurs in each of these five fish species, it does so to different extents in sticklebacks and
poeciliids. Since Thomas et al. (2010) previously investigated the extent of DC in three-spined
sticklebacks, the remainder of the current study focuses on the foraging strategies of the four poeciliid

species.

2.4.2: Experiment 1: Testing for pre-existing colour preferences

Within the poeciliids, the proportion of both brown and green prey types eaten when both prey types
were equally conspicuous (white background) varied significantly between fish of different species
(Nested ANOVA: Fy,33=3.75, P<0.001) and body size (nested within species: F»333=3.96, P<0.001)
(Table 2.1A). The largest proportional difference between the number of both prey types eaten was
seen in platys, with this fish species eating significantly more green coloured prey than brown (mean
+SE: brown 1.6+0.2, green 2.7+0.3). Furthermore, within fish species, there was a significant effect of
fish size on the number of both prey types that were eaten, with the largest fish eating the most prey.
Platys were the largest fish species with a mean length of 30.4+1.1 mm, followed by swordtails and
mollies respectively (mean lengths 29.2+0.4 mm and 25+1.4 mm respectively), with guppies being the

smallest species (mean length 15.4+£0.2 mm).

Background colour significantly affected the pre-existing colour preference of poeciliids (Nested
ANOVA: F4;37,=1.78, P=0.002), with fish eating the most brown and green prey when prey were
presented against a brown background (Mean +SE brown eaten 5.3+0.3, green eaten 5.8+0.3). Fish ate
a lower number of both prey types when prey was presented against green and white backgrounds

respectively (green background: mean +SE brown eaten 4.8+0.2, mean green eaten 5.1£0.2; white
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background: mean brown eaten 4.7+0.3, mean green eaten 4.9+0.2). There was also a significant effect
of fish body size (nested within species: F»;37,=1.63, P=0.028) (Table 2.1B).

2.4.3: Experiments 2, 3 and 4: Testing for dietary conservatism

After 7 days of the initial training with one colour of food, the fish were sufficiently familiarised with
both the prey and its colour that they ate Daphnia readily. When a novel colour was introduced,
individual fish showed one of two types of response; either rapid incorporation of the novel morph
into the diet on day 1, or avoidance of eating the novel prey that lasted for a mean of 8 days (range 2-
21 days) across all species and experiments. Across the four poeciliid species tested, 90% of
individuals exhibited the first strategy (adventurous consumption, AC) and readily ate the novel prey,
sending it to extinction, usually within 2 days. However, 10% of the fish displayed the alternative
strategy (dietary conservatism, DC) and persistently avoided the novel colour, to the extent that the
avoidance allowed the novel colour morph to increase in number and eventually reach fixation in the
prey population. Table 2.2 shows the number of fixation and extinction events for the four different

fish species across Experiments 2-4 (see also Figure 2.1 A-D).

(A)

Source DF AdjMS F P
Size 23 0.1680 3.96 <0.001
Species 20 0.1590 3.75 <0.001
Error 90 0.0424 * *
Total 133

(B)

Source DF AdjMS F P
Size 27 0.0973 1.63 0.028
Background colour 47 0.1064 1.78 0.002
Error 297 0.0597 * *
Total 371

Table 2.1: General Linear Model for the pre-existing colour preference for either green or brown prey,
shown by the four poeciliid species. The response variable ‘Preference’ was the difference between
the number of brown and green prey eaten, expressed as a proportion of the total number of prey
eaten. The starting model contained the following independent variables: (A) fish species (‘Species’)
as a factor and fish standard length (‘Size’) as a covariate nested within species, and (B) background
colour (‘Background colour’) as a factor and (‘Size’) as a covariate nested within background colour.
Only significant terms are reported.
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Fish species

Experiment Fate of novel . .
number prey morph Guppy Mollie Platy Swordtail
Fixation
Extinction 31 22 18 32
Fixation
Extinction 28 30 31 32
Fixation
Extinction 18 24 22 24
Total % fixation in experiments 11.7% 530, 16.9% 8%
2,3 and 4

Table 2.2: Results for Experiments 2, 3 and 4 showing the number of individual fish that drove the
novel coloured prey to fixation (100% remaining in prey population) or to extinction (0% in prey
population), as well as the overall percentage of fixation events for each species that occurred across
Experiments 2-4. Results are shown separately for the four poeciliid species, but pooled for sex and
novel colour.

60 60 -

v
&

o

o

Nom.

20 20 -

20 35 5 10 15 20

Days from introduction of novel prey Days from introduction of novel prey

90
80
70
60
50

40

5 10 15 20 25 30 35 40 5 10 15 20 25 30

Days from introduction of novel prey Days from introduction of novel prey

Figure 2.1: Frequencies of both green and brown (combined) novel morphs on successive days of
Experiments 2-4 under predation by pre-trained individual poeciliids, showing that in some prey
populations the proportion ofthe novel prey gradually increased to fixation, while in other populations
the novel morph were driven to extinction. Results are presented for prey populations, under predation
by (A) guppies, (B) mollies, (C) platys, (D) swordtails.
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As expected, the probability of a fixation event occurring was not significantly associated with the sex
(Logistic Regression: Z=-0.70, d.f.=5, P=0.481), or the size of the fish (Z=-0.57, d.f=5, P=0.568).
However, contrary to our expectation, neither was it associated with fish species (Z=0.30, d.f.=S,
P=0.767), the colour of the novel prey (Z=-0.85, d.f.=5, P=0.394), or how cryptic the novel prey was
against the background (Z=1.81, d.f.=5, P=0.070) (Table 2.3).

Predictor Coef SE Coef Z P Odds Ratio 95% CI
Constant -2.1104 1.2157 -1.74  0.083 * *

Species 0.0578 0.1948 030 0.767 1.06 0.72-1.55
Sex -0.2105  0.2986 -0.70  0.481 0.81 0.45-1.45
Novel -0.3271 0.3841 -0.85 0394 0.72 0.34 -1.53
Novel crypsis 0.7281 0.4024 1.81 0.070  2.07 0.94 —4.56
Size -0.0191  0.0335 -0.57 0.568 0.98 0.92-1.05

Table 2.3: Binary logistic regression for the likelihood of a fixation or extinction event (0 = extinction,
1 = fixation) with species of fish (‘Species’), sex (‘Sex’), novel colour (‘Novel’) and relative novel
crypsis (‘Novel crypsis’) as factors, and standard length (‘Size’) as covariate.

Although the likelihood of fixation did not vary between species or with body size, the speed with
which different species drove the novel prey to fixation did vary significantly between species (Nested
ANOVA: F;3=4.17, P=0.047), and between fish of different sizes (nested within species: F530=7.92,
P=0.003, Table 2.4), with larger fish driving novel prey more rapidly to fixation. Platys took the
longest time to drive the novel morph to fixation (mean number of days £SE = 14.7+3.4), followed by
swordtails, guppies and mollies respectively (8.5+3.6, 7.6+1.8, and 4.3+2.3 days, respectively). In
addition, the relative prey crypsis influenced the speed with which the novel prey reached fixation
(F130=5.44, P=0.048) indicating that there was indeed some difference in conspicuousness among the
prey types presented on different coloured backgrounds. Fish took longer to drive the novel morph to
fixation when the novel morph was cryptic (5.2+0.85 days) compared to when it was conspicuous
(4.4+0.33 days).

Source DF AdjMS F P
Size (nested within species) 18 1.5864 7.92  0.003
Species 3 0.8353 4.17  0.047
Novel crypsis 1 1.0899 5.44 0.048
Error 8 0.2002

Total 30

Table 2.4: General Linear Model for the number of days taken by the four poeciliid species to drive
the novel prey morph to fixation (100% remaining in prey population), with species of fish
(‘Species’), sex (‘Sex’), novel colour (‘Novel’) and relative novel crypsis (‘Novel crypsis’) as factors,
and standard length (‘Size’) nested within species. Only significant terms remaining in the final model
are reported.
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2.4.4: Experiment 5: Re-invasion of prey populations by previously familiar prey morphs

The novel morph was driven to fixation in 33 instances within Experiments 2, 3 and 4, and so these
fish were tested for their response to the re-appearance of the originally familiar morph. In total, 32
out of 33 fish drove the originally familiar morph to extinction on day 3R (i.e. on the first day of
reintroduction of the novel morph). However, one individual fish (of the species P. sphenops) drove
the originally novel morph to extinction on day 3R, resulting in the re-invasion to fixation of the
previously familiar prey morph. The likelihood of the originally familiar morph being driven to
fixation was significantly lower than that of the originally novel morph (Fisher’s Exact Test: P<0.001).
This indicates that re-invasions can occur but they may be very rare. It also demonstrates that one day
of being presented with nothing but the novel morph (day 2R) is not sufficient for the fish to accept

that morph as a new familiar prey.

2.5: Discussion

It is clear from the current study that each of the four poeciliid species examined include individuals
that exhibit strongly DC foraging strategies. Novel prey was consistently avoided by a small
proportion of each poeciliid population, despite all prey being fully edible. The first evidence of DC in
a fish species, the three-spined stickleback, was presented by Thomas et al. (2010). The present study
provides the first evidence of DC in poeciliid species and confirms that, as in all other populations so
far examined, DC and AC foraging strategies are both present in different individuals in the same

population.

The colour preference tests (Experiment 1) revealed that platys have a pre-existing preference for
green coloured prey compared to brown, since they ate significantly more green than brown prey when
given both prey types simultaneously. The remaining three fish species tested did not show a colour
preference. There is no obvious explanation for this difference in colour preference<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>