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Abstract

This thesis examines the ontogenetic and selective processes operating in captivity
that can lead to behavioural differences between wild and captive-bred animals. These

topics are addressed using three species of freshwater fish, the guppy (Poecilia

reticulata), a non-endangered species of poeciliid fish native to Trinidad, and two

endangered species of goodeid (Ameca splendens and Skiffia multipunctata) that
inhabit the High Plateau of central Mexico. Chapter two focuses on guppies and

compares anti-predator behaviour (schooling and predator inspection) among four
wild populations that differ in predation intensity. This study goes on to investigate
the role of ontogenetic experience in the development of anti-predator behaviour in
two of the study populations. The results confirm that guppies from high-predation

populations exhibit stronger anti-predator responses towards a simulated predation
threat than their low-predation counterparts. They also reveal that in high-predation
fish, anti-predator responses are reduced within one generation of captive rearing,

indicating that the development of these behaviours has a learned component. The

following two chapters consider the type of experience required to elicit a learned

anti-predator response. The first of these indicates that early experience with
cannibalistic conspecifics has no effect on subsequent patterns of anti-predator
behaviour. The following chapter, however, indicates that when guppies are presented
with a model predator in the presence of experienced conspecifics, they significantly

improve their anti-predator responses in later encounters. This indicates that social

learning is important in the development of anti-predator skills. The final two chapters
focus on the behaviour of two endangered species of goodeid. The first of these
examines the effects of environmental structure and captive breeding on patterns of

courtship and aggression in A. splendens and reveals that captive-bred fish are more

aggressive than their wild counterparts. The final chapter shows that rearing

experience significantly affects behaviour, with laboratory-reared S. multipunctata

displaying enhanced courtship, aggression and curiosity than conspecifics raised
outdoors in semi-natural ponds. Taken together, these studies suggest that breeding
fishes in captivity may inadvertently affect their behaviour, and that providing captive
animals with appropriate ontogenetic experience is likely to be essential for the
success of reintroduction programs.
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Chapter 1

General Introduction

1.1 How does an understanding of the behaviour of an animal

contribute to its conservation?

Recent advances in behavioural ecology have expanded our understanding of

topics such as animal conflict, innovation and decision-making, but this

knowledge has not been incorporated into conservation practice (Sutherland &

Gosling 2000). In particular, there have been calls for ethological studies to

address the 'problems in leaving the ark', the metaphor used for captive breeding

programs and the notion that there are significant genetic, ecological and

behavioural difficulties in reintroducing captive-bred animals (Lyles & May

1987). This thesis focuses on this concept by investigating the processes operating

in captivity that can lead to differences in the behavioural patterns of wild and

captive-bred animals. Furthermore, the role of experience in the development of

behaviour is examined in order to investigate the potential for skills to be

reacquired through learning. These studies illustrate how behavioural research can

be directed towards issues that are relevant to behavioural ecologists and

conservation biologists alike.
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Behavioural ecology can play an important role in many aspects of

conservation biology. For example, a detailed knowledge of a species' natural

history may provide insights into its response to habitat loss, fragmentation or

exploitation (Sutherland & Gosling 2000). One area of conservation biology

where behavioural research is particularly important is captive breeding and

reintroduction, where an endangered species is removed from the wild,

propagated in captivity and subsequently released into its former habitat (Wilson

& Stanley Price 1994). Captive breeding is recognized as an important

conservation tool and has contributed to the survival of species such as the

California condor (Gymnogyps californianus), the Mauritius kestrel (Falco

punctatus) and the black-footed ferret (Mustela nigripes) (Snyder et al. 1996).

Despite the widespread use of reintroduction programs for conservation,

the technique is rarely successful and its usefulness in recovering wild populations

has been debated extensively in the literature (e.g. Beck et al. 1994; Philippart

1995; Balmford et al. 1996; Snyder et al. 1996). For example, in their review,

Beck et al. (1994) estimated that only 11% of released animals established self-

sustaining populations. The most important factor determining the success of

reintroduction programs is the availability of suitable habitat, although other

factors such as the number of animals reintroduced and the time elapsed between

capture and release are also essential (Griffith et al. 1989; Beck et al. 1994;

Kleiman et al. 1994; Wilson & Stanley Price 1994; Balmford et al. 1996). In

addition, translocation, where wild-bom individuals or populations are moved

from one part of their range to another (Wilson & Stanley Price 1994), is far more

likely to succeed than reintroduction of captive-bom animals (Griffith et al. 1989).
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Although it is recognised that captive breeding has a detrimental effect on the

survival ability of reintroduced species, little is known about the processes and

consequences of captive breeding, or whether these negative effects can be

reversed. These topics form the central theme of this thesis.

Behavioural deficiencies have been cited as the principal reason why

captive-bred animals show poor survivorship in the wild (Lyles & May 1987;

Miller et al. 1990; Kleiman et al. 1994; Snyder et al. 1996). For example, captive-

bred golden lion tamarins {Leontopithecus rosalia) are unable to recognise food or

predators when released into the wild (Beck et al. 1991). Indeed, predation

mortality, caused by the failure to recognise and respond appropriately to

predators has been documented as the main cause of failure of several

reintroduction projects (Short et al. 1992; Miller et al. 1994; van Heezik et al.

1999). This has led to the suggestion by several authors that some form of pre¬

release training may be required to teach nai've animals to recognise predators

(e.g. Kleiman 1989; Beck et al. 1994; Wallace 2000). For example, the post¬

release survival of Houbara bustards (Chlamydotis undulata macqueeni) was

significantly enhanced when live foxes (Vulpes vulpes) were used to train the

birds to recognise predators (van Heezik et al. 1999).

It is not always necessary for behavioural studies to focus on endangered

species for them to be applicable to conservation (Sutherland 1998). Indeed,

studying endangered species is problematic since by definition the focal animals

will be rare and their inclusion in experiments may result in additional disturbance

and population decline. Closely related species, or species that are rare in one site
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but abundant elsewhere may be usefully employed to provide insights into the

problems facing the endangered species (or populations, Sutherland 1998).

Additionally, more general concepts applicable to conservation may be addressed

by focusing on species that are not endangered, but nonetheless exhibit

characteristic behavioural responses to captive breeding (Sutherland 1998). In the

first three experimental chapters of this thesis I employ the latter approach by

using, a non-endangered species of freshwater fish, the guppy (Poecilia

reticulata), to address general concepts in behavioural ecology relevant to

conservation biology. The aim of this initial portion of the research is to

investigate the effects of relaxed predation pressure on predator recognition

ability. In addition, these studies investigate whether interaction with conspecifics

and social learning contribute to the development of anti-predator behaviour in

this species.

Fish are among the most endangered animal groups (IUCN 2000) and

many species are bred in captivity in order to supplement declining wild

populations. Salmonids, for example, are cultured intensively and released in

large numbers worldwide (Fleming 1994). A large body of literature demonstrates

that artificial rearing practices result in differences between hatchery-reared fish

and their wild counterparts. For example, hatchery-reared fish may display

reduced morphological traits (e.g. less pronounced hooked snouts) that are

important in breeding competition (Fleming & Gross 1994). In addition,

numerous studies have revealed that behavioural traits, for example aggression,

anti-predator response, timing of migration, feeding behaviour and habitat use,

differ among wild and hatchery populations (reviewed in Einum & Fleming
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2001). Divergence of behavioural phenotypes may therefore be a major cause of

poor survivability of released hatchery fish.

Zoos and aquaria are becoming increasingly involved in conserving

freshwater fishes and captive breeding programs have been considered essential

for groups such as the Lake Victoria cichlids (e.g. Haplochromis spp.), desert

fishes (e.g. Cyprinodon spp.) and Appalachian stream fish (e.g. Notorus spp.)

(Andrews & Kaufman 1994). However, unlike for salmonids, there have been no

studies examining whether rearing practices in zoos and aquaria result in

differences between the behaviour of captive-bred and wild fishes. Selective

pressures operating in captive breeding facilities in zoos are likely to be less

intense than those in hatcheries, in which fish are traditionally reared at high

densities and selected for enhanced growth (Einum & Fleming 2001). However,

behavioural differences between captive animals and their wild counterparts may

still arise through inadvertent selection for traits such as tameness (Kohane &

Parsons 1988) or because unnatural environmental conditions in captivity promote

the development of atypical behaviours. The final two experimental chapters of

this thesis therefore examine the effects of rearing environment and captive

breeding on the behaviour of two endangered species of Mexican goodeid fish

(.Ameca splendens, Skiffia multipunctata), of which the former has been bred in

captivity in the UK for the past 30 years.
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1.2 What is the effect of relaxed predation pressure on the anti-

predator behaviour of a species?

Geographic variation in anti-predator behaviour

A useful way of investigating the effects of a relaxation in predation pressure on

anti-predator behaviour is to compare this behavioural trait among wild

populations differing in predator assemblage. This approach has been adopted in

the threespine stickleback (Gasterosteus aculeatus), the deer mouse (Peromyscus

maniculatus) and the California ground squirrel (Spermophilus beecheyi)

(reviewed by Coss 1999). The Trinidadian guppy (see Fig. 1.1) provides one of

the best examples of geographic variation in behaviour. The natural range of

guppies extends from northeastern South America to the Caribbean islands of

Trinidad and Tobago, though feral populations occur in freshwater habitats

worldwide (Courtenay & Meffe 1989). Much of the research on guppies has

focused on populations originating from streams in Trinidad's Northern Range

Mountains (Fig. 1.2). Rivers on the southern facing mountain slopes drain east

into the Atlantic Ocean or west into the Gulf of Paria. These drainages, known as

the Oropuche and Caroni respectively, contain fish communities that are South

American in origin (Houde 1997). The headwaters of these mountain streams

(Fig. 1.3a), which are characterised by fast flowing, nutrient-poor waters,

typically contain few guppy predators, notably the killifish Rivulus hartii. R. hartii

is a minor predator which preys mainly on immature size classes of guppy

(Seghers 1973; Liley & Seghers 1975). Lowland streams (Fig. 1.3b) tend to be

larger and more turbid and, in addition to R. hartii, contain a more dangerous

assemblage of cichlid (e.g. the pike cichlid, Crenicichla alta, the blue acara,
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Photo by S. Earnshaw

Fig. 1.1 The Trinidadian guppy, Poecilia reticulata. Males (above)
smaller and more brightly coloured than females.
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Fig.1.2MapofnorthernTrinidadshowingNorthernRangeMountains.Asterisksmarkthecollectionpointsoffishusedinchapterstwo,three andfour.Guppiesinhabitinghigh-predation(HP)localitiesoccurwithavarietyofpiscivorouspredators(seetext).Thekillifish(Rivulushartii)is theonlyfishpredatorinthelow-predation(LP)TunapunaRiver.



(a)

Photo by I. Ramnarine

Fig. 1.3 Typical low- (a) and high-predation (b) rivers in Trinidad's

Northern Range Mountains. Rivulus hartii is the only guppy predator

present in low-predation streams such as the Tunapuna (pool in

picture a~1.5m wide). In contrast, high-predation streams such as the
Quare River (b) contain a varied assemblage of piscivorous predators

(stream width~6m).



(a)

Photo by S. Earnshaw

Fig. 1.4 Guppies responding to models of the blue acara

(Aequidens pulcher, a) and the pike cichlid (Crenicichla alta, b). A
female is shown performing inspection behaviour (top of

photograph b). See chapter two for further details of models.



(a)

Photo by E. Avila Luna

Fig. 1.5 The goodeid species Ameca splendens (a) and Skiffia

multipunctata (b) used in chapters five and six respectively. Male A.

splendens (top and bottom of photograph) are distinguished from
females by the presence of their yellow caudal bands. Male S.

multipunctata (front) are more brightly coloured than females.

Photo by E. Avila Luna

(b)
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Fig. 1.1 The Trinidadian guppy, Poecilia reticulata. Males (above)
smaller and more brightly coloured than females.
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Fig. 1.3 Typical low- (a) and high-predation (b) rivers in Trinidad's
Northern Range Mountains. Rivulus hartii is the only guppy predator

present in low-predation streams such as the Tunapuna (pool in

picture a~1.5m wide). In contrast, high-predation streams such as the

Quare River (b) contain a varied assemblage of piscivorous predators

(stream width~6m).
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Photo by S. Earnshaw

Fig. 1.4 Guppies responding to models of the blue acara

(.Aequidens pulcher, a) and the pike cichlid (Crenicichla alta, b). A
female is shown performing inspection behaviour (top of

photograph b). See chapter two for further details of models.
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Photo by E. Avila Luna

(b)

Photo by E. Avila Luna

Fig. 1.5 The goodeid species Ameca splendens (a) and Skiffia

multipunctata (b) used in chapters five and six respectively. Male A.

splendens (top and bottom of photograph) are distinguished from
females by the presence of their yellow caudal bands. Male S.

multipunctata (front) are more brightly coloured than females.



Aequidens pulcher) and characid predators (e.g. Hemibrycon dentatum, Astyanax

bimaculatus). The presence of barrier waterfalls in many of Trinidad's rivers has

prevented the upstream migration of predators, therefore providing biologists with

replicate streams that differ in predator assemblage. Guppy researchers frequently

refer to the distinctions in predation risk as Rivulus or Crenicichla localities

(Houde 1997); in this thesis they are simply referred to as low-predation (LP) and

high-predation (HP) sites respectively. In contrast to the southern-flowing rivers,

those that drain the northern mountain slopes are characterised by Caribbean

fauna such as Gobiidae (e.g. Eleotris pisonis), Mugliidae (e.g. Agonostomus

monticola), Centropomidae (e.g. Centropomis unidecimalis) and Palaemonidae

(e.g. the freshwater prawn, Macrobrachium crenulatum) (Houde 1997). Other

potential guppy predators include kingfishers, herons, bats, beetles, hemiptera and

spiders, but their importance in relation to fish predators is unknown (Seghers

1973).

A large number of studies have demonstrated that guppies from high-

predation localities display stronger responses to predators than those from low-

risk sites (reviewed by Magurran et al. 1995). Specifically, high-risk guppies

spend more time schooling, are more likely to inspect predators, and perform

predator inspections from a greater distance than their low-predation counterparts.

Although these population differences are most likely to result from differences in

predation intensity, other ecological or genetic factors may also be important

(Seghers & Magurran 1995). A transplant of guppies from a high-risk to a low-

risk site, conducted in Trinidad in the 1950s, demonstrated the importance of

predation pressure in driving evolution, and provides an elegant example of the
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speed at which behaviour can evolve in the wild (Magurran et al. 1992). After

thirty-four years (approximately 100 generations), the transplanted guppies

displayed reduced anti-predator skills that were similar to those of other low-

predation populations. These findings suggest that anti-predator behaviour is

disadvantageous when predation pressure is relaxed over a prolonged period

(Magurran & Seghers 1991).

Animals requiring ontogenetic experience for the development of

behaviour tend to exhibit reduced behaviour within a single generation of a

relaxation of predation pressure. The simplest way to disentangle environmental

from genetic effects is to raise offspring from different environments through one

or more generations in the laboratory. This approach has been adopted in studies

of amphipods (Strong 1973), spiders (Uetz & Cangialosi 1986) and monkeys

(Mineka et al. 1980), as well as the guppy (Seghers 1973; Seghers 1974; Breden

et al. 1987). In their work on guppies, Seghers (1973; 1974) and Breden et al.

(1987) showed that population differences in schooling (in the absence of a

predator) persist over several generations of laboratory rearing, which suggests

that the increased reliance on this behaviour in high-predation populations is an

evolutionary response to predation. However, the degree to which predator-

specific responses are contingent on experience is not known. Chapter two

specifically addresses this question by investigating how guppies from different

predation regimes recognise and respond to specific predators. In addition, this

study determined the extent to which predator-specific responses are learned in

fish from a high- and low-predation population.
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In many animals, predator recognition and the nature of the response to

predators is finely tuned according to local predator assemblage. For example,

Spanish pied flycatchers (Ficedula hypoleuca iberiae) recognise their native

predators but not allopatric ones (Curio 1975). Similarly, deer mice (Peromyscus

maniculatus) respond only towards predators that inhabit their own population

(Hirsch & Bolles 1980). Furthermore, many prey species display risk-sensitive

anti-predator behaviour, where their response is traded off against the immediate

risk of predation and the need to engage in other activities such as foraging and

reproduction (Helfman 1989). Consequently, populations experiencing high levels

of predation may switch to predator avoidance behaviours in response to predator

cues more readily than their low-predation counterparts (Seghers 1973).

Anti-predator responses in guppies

When detecting a predator, guppies engage in a variety of avoidance tactics,

which have been described in detail by Seghers (1973). Guppies from different

populations vary in their response toward a predator, ranging from weak

avoidance to rapid darting and jumping out of the water (Seghers 1973). Initial

detection typically elicits 'avoidance drift', during which the fish approaches the

predator, turns laterally to it, and swims down the length of the predator's body.

The fish remains visually fixated on the predator and often repeats the manoeuvre

on the same, or opposite side of the predator. During avoidance drift, the fish

holds its body rigid and appears to glide in a manner that is distinct from normal

swimming. This behaviour is termed 'predator inspection' throughout this thesis.

The tendency to approach a predator is common in other fish species (Pitcher et

al. 1986), but has also been demonstrated in birds (Curio et al. 1978) and
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ungulates (Fitzgibbon 1994). It has been suggested that this apparently

paradoxical behaviour may deter the predator by informing it that it has been

detected (Curio et al. 1978; Magurran 1990a; Fitzgibbon 1994; Godin & Davis

1995). Predator inspection may additionally permit animals to acquire information

about the nature of the threat they face (Curio et al. 1978; Csanyi 1985; Magurran

& Girling 1986; Pitcher et al. 1986; Licht 1989; Dugatkin & Godin 1992a), which

may in turn be utilised by conspecifics through processes of social learning (Curio

et al. 1978; Curio 1988; Magurran & Higham 1988). Many animals, including

guppies, may approach models (Fig. 1.4) or dead specimens as well as non-

predatory species and novel objects (e.g. Curio et al. 1978; Pitcher & Parrish

1993). Most studies of anti-predator behaviour (including those in this thesis)

have therefore used models instead of live predators, both because of ethical

considerations (Huntingford 1984) and because it is easier to control and replicate

the 'behaviour' of a model (Magurran & Girling 1986).

When approaching a predator, the distance between the inspector and the

predator is a useful measure of the threatened animal's perceived level of risk

(Pitcher et al. 1986). In guppies, the distance approached to a predator, termed

minimum, or closest approach distance in this thesis, differs between populations;

fish from low-predation localities typically inspect predators more closely than

those from high-predation sites (Magurran & Seghers 1990a; Magurran & Seghers

1994a). During predator inspection, guppies tend to avoid the dangerous mouth

region of the predator ('attack cone'), which is termed 'attack cone avoidance'

(George 1960). Usually, guppies inspect alone or in pairs and the frequency of

inspection increases with the risk of attack (Pitcher 1992). Additionally, guppies

1. General introduction | 10



may respond to predators by changing direction ('turn around'), or performing

rapid darts, where the fish holds its body rigid, and quickly propels itself to a new

location. In later stages of an attack, swimming rapidly just under the waters

surface, erratic bursts of movement, and jumps out of the water have been

described (Seghers 1973). The anti-predator behaviours that are considered in

chapters two, three and four of this thesis are schooling, inspection (including

attack cone avoidance) and approach distance during inspection, as these can be

elicited by predator models and have been shown to differ among wild

populations (Magurran et al. 1992; Magurran & Seghers 1994a).

1.3 Can anti-predator skills be enhanced through experience?

Recently it has become clear that in the absence of predation, captive-bred

animals may suffer deficiencies in anti-predator behaviour (e.g. van Heezik et al.

1999). Consequently, it has been asked whether anti-predator behaviour can be

reacquired through learning (e.g. Suboski & Templeton 1989; Beck et al. 1994;

Kleiman et al. 1994; Griffin et al. 2000; Brown & Laland 2001). A variety of

animals including primates, birds, amphibians, and reptiles, have been shown to

modify their behaviour after experience with a predator or its cues (reviewed in

Suboski 1992; Griffin et al. 2000). For example, live dogs have been used to

invoke fear in birds (e.g. masked bobwhites, Ellis et al. 1977), marsupials

(wallabies, McLean et al. 2000) and mammals (e.g. Siberian polecats, Miller et al.

1990). More general studies of learning have used predator models and novel

objects to condition nai've animals to display appropriate anti-predator behaviours

(Curio 1988; Mineka & Cook 1988). Many of these studies have demonstrated a
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learned response, but few have investigated whether this results in increased

survival in the wild (but see van Heezik et al. 1999; Mirza & Chivers 2000).

There is a large body of literature demonstrating that fish are capable of

learning about predators. For example, when salmon survive an attack with a live

predator they are more likely to survive future encounters (Patten 1977; Olla &

Davis 1989). Additionally, Magurran (1990b) showed that exposure to models can

result in improved anti-predator responses in minnows (Phoxinus phoxinus).

Many species of fish possess chemical cues in the epidermis of the skin ('damage-

release alarm cues' Chivers & Smith 1998), which are released if the fish is

injured or captured by a predator. Minnows (Magurran 1989; Chivers & Smith

1994a, b; Chivers & Smith 1995), sticklebacks (Chivers et al. 1995), trout (Brown

& Smith 1998) and salmon (Berejikian et al. 1999) can be conditioned to respond

to predators if such chemical 'alarm' cues are paired with predator odours. Several

studies have suggested that fish can enhance their anti-predator skills through

more subtle mechanisms. For example, the experience ofbeing pursued (Tulley &

Fluntingford 1987; Brown & Warburton 1999), or the presentation of video

footage of an approaching object (Dill 1974) can allow fish to improve their

freeze response and escape ability. These indirect methods of enhancing an

animal's anti-predator skills may be useful in training captive-bred animals to

recognise predators. Such methods have the additional advantage of avoiding

unduly stressful predator-prey interactions and are therefore likely to be more

ethically acceptable (McLean 1997).
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One of the earliest aversive experiences of a young guppy is being chased and

attacked by cannibalistic adults, a process which may contribute to the

development of anti-predator skills. Goodey & Liley (1986) conducted a study to

examine the effect of conspecific chasing on the response of young guppies

toward a model aerial predator and a live piscivorous fish. Guppies that had been

chased when young tended to react more strongly towards the model and survived

more attacks from the predator than fish that had been reared in isolation. When

encountering an adult conspecific, juvenile guppies display anti-predator skills,

such as predator inspection and attack cone avoidance, that are comparable to

adult predator-prey interactions. However, it is not known whether early initiation

of predator inspection behaviours benefits guppies later in life. Chapter three

extends Goodey & Liley's (1986) work by investigating the influence of early

exposure to conspecifics on the predator inspection behaviour of young guppies.

1.4 Can social learning be used to enhance predator recognition

skills?

Social learning, where individuals learn through interaction with, or observation

of conspecifics (Box 1984), is considered to be more effective than individual

learning when the latter is costly or inaccurate and where potential demonstrators

and learners experience the same environment (Boyd & Richerson 1988).

Animals that learn about predators by copying the behaviour of others, for

example, can acquire adaptive anti-predator behaviour at a lower risk than those

that learn through individual experience. Social learning plays a major role in the

acquisition and development of behaviour in many species (Zentall & Galef 1988;
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Heyes & Galef 1996; Box & Gibson 1999) and several studies have suggested

that this mechanism of learning could be used to train captive-bred animals to

recognise predators (Suboski & Templeton 1989; Griffin et al. 2000; Brown &

Laland 2001). Although captive breeding and reintroduction programs

increasingly employ some degree of pre-release training (Wallace 2000), social

learning has not yet been implemented for this purpose. Yet social learning could

be a cost-effective way of training animals for release, for example by employing

a 'transmission chain approach' (Brown & Laland 2001). This technique

(pioneered by Curio et ah, 1978) involves the diffusion of a novel behaviour

through a chain of individuals so that each observer subsequently becomes the

demonstrator. In the context of learning appropriate anti-predation skills, wild,

predator-experienced individuals could be used to demonstrate skills to captive-

bred animals (Griffin et al. 2000; Brown & Laland 2001).

Social learning studies typically involve pre-training 'demonstrators' so

that they subsequently perform the novel behaviour that is to be transmitted to

na'ive individuals. However, this approach is often time consuming and may

involve the use of stimuli (e.g. buzzers, lights) that have little relevance to skills

learned by wild animals (Lefebvre & Palameta 1998). One way of avoiding these

problems is to take advantage of natural behaviours that occur in the wild but are

absent (or depressed) in captive animals. Furthermore, where a species exhibits

geographic variation in behaviour, there exists the opportunity to investigate

whether skills inherent in one population can be learned by another. This latter

approach is particularly relevant to conservation biologists as it represents a
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mechanism by which translocated animals can learn the behavioural traits of the

local population.

Social transmission of anti-predator behaviour has been reported in a

variety of species. For example, blackbirds (Turdus merula, Curio et al. 1978) and

rhesus monkeys {Macaca mulatta, Mineka et al. 1984) can learn appropriate

behaviours from the experience of watching conspecifics reacting fearfully

towards novel predators. Additionally, studies have revealed that several species

of fish can learn to recognise predator odours by observing the fright reaction of

conspecifics responding to chemical cues (Suboski et al. 1990; Hall & Suboski

1995; Mathis et al. 1996). Magurran & Higham (1988) and Pitcher et al. (1986)

found that minnows reduced their level of activity after observing conspecifics

reacting to a model pike, even though they could not themselves see the predator.

Interaction with conspecifics has also been shown to facilitate avoidance of

moving trawl apparatus (Brown & Warburton 1999) and electrical shocks (Sugita

1980).

Several authors have suggested that social learning can be employed to

train hatchery fish to recognise predators (Suboski & Templeton 1989; Brown &

Laland 2001). Although visual cues play an essential role in schooling

(Hemmings 1966) and predator recognition (Karplus & Algom 1981), little is

known about how they influence the social transmission of anti-predator

behaviour in fish. Chapter four addresses this issue by investigating whether

guppies from a low-predation population can learn to respond appropriately

towards a model resembling the pike cichlid, C. alta from fish from a high-
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predation site. As noted in section 1.2, guppies in low-predation sites occur with

only one predator R. hartii, whereas high-predation fish live with a variety of

predators including C. alta.

1.5 How does the captive environment effect the expression of

behaviour?

Since the captive environment is likely to differ markedly from an animal's

natural habitat, captive-bred animals may display behaviours that are quite distinct

from those of their wild counterparts. Both environmental (behavioural plasticity)

and genetic factors (e.g. differential selective pressures) are likely to influence this

divergence in behaviours. Behavioural shifts that are environmentally induced

occur through phenotypic plasticity, defined as the ability of a genotype to

produce alternative forms (behavioural, morphological and physiological) in

response to environmental conditions (West-Eberhard 1989). The environment

affects not only the immediate expression of behaviour but can also influence the

development of behaviour through ontogenetic experience (learning). The

influence of genetic factors on the divergence of captive and wild phenotypes is

likely to be equally important, with genotypic changes resulting from inbreeding,

genetic drift and differences in the intensity and direction of selection (Price

1999). Although captive-bred populations are often managed in order to minimise

such genetic effects, far less attention has been given to the role of behaviour in

this context (Snyder et al. 1996). The remainder of this introductory chapter

considers environmental and selective processes in more detail and their potential

effect on the behaviour of captive-bred fishes.
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Effect of environmental structure on behaviour

Behaviour is more plastic than morphology (West-Eberhard 1989) and the first

signs of domestication (defined here as adaptation to the captive environment) are

likely to be behavioural (Kohane & Parsons 1988). Captive conditions may not

provide the relevant stimuli for a particular behaviour to be expressed. Immediate

behavioural responses to captive conditions depend on features of the

environment such as food availability and habitat structure. Wild animals may

spend a large proportion of their time foraging and release from this activity may

cause idleness and lead to the development of abnormal repetitive behaviours

(reviewed in Wielebnowski 1998; Price 1999). Providing animals with more

realistic foraging opportunities, by increasing searching and handling times, has

been shown to reduce the frequency of stereotypical behaviours in a large number

of zoo animals (reviewed in Shepherdson 1994; Newberry 1995; Price 1999). As

a consequence, environmental enrichment, defined as 'modifications to the

captive environment that result in improved biological functioning' (Newberry

1995), is common practice in zoos and other animal housing facilities.

Effects of artificial and inadvertent selection on behaviour

Selective processes (artificial or inadvertent) operating in captivity can also result

in behavioural differences between wild and captive animals. A series of selection

experiments using silver foxes (Vulpes fulva) demonstrated that phenotypic

change can be rapid. For example, 20 generations of selection for tameness

produced domesticated forms that displayed dog-like characteristics and showed

little fear of humans (Belyaev 1979). In fishes, a good example of the behavioural

effects of artificial selection is provided in studies of salmonids. There is evidence
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that selection for enhanced growth has resulted in higher levels of aggression in

hatchery stocks compared with wild fish (Swain & Riddell 1990). When

controlling for rearing conditions, Johnsson and Abrahams (1991) found that

hybrid wild-domestic steelhead trout (Oncorhynchus mykiss) were more likely to

forage under the threat of predation than wild trout. Behavioural traits such as

increased aggression and reduced response to predators may not be

disadvantageous in artificial rearing environments and may favoured indirectly as

a result of selection for other traits, such as enhanced competitive ability

(Johnsson & Abrahams 1991). Ruzzante and Doyle (1993) demonstrated that

selection for fast growth in medaka (Oryzias latipes) caused an increase in

schooling tendency and a decrease in aggressive behaviour, which they attribute

to the likely genetic correlation between these traits (pleiotropy). These studies

illustrate the difficulty in predicting the behavioural consequences of selection.

Few studies have investigated the process of domestication in the absence

of intentional selection, for example in zoo animals maintained in long-term

captive breeding programmes. In such programs, selective forces will be less

intense than those occurring under intensive culture but nonetheless behavioural

changes may still arise. For example, handling-related mortality in a captive

population of coonstripe shrimp (Pandalus danae) resulted in inadvertent

selection for reduced escape responses within 10 generations of laboratory rearing

(Marliave et al. 1993).

Chapter five examines the effect of environmental structure on the

expression of behaviour, and investigates whether there are behavioural
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differences between wild and captive-bred Ameca splendens (Fig. 1.5a), an

endangered species of Mexican goodeid fish. The Goodeidae are a family of live

bearing freshwater fish that are endemic to Central Mexico. They inhabit a variety

of freshwater habitats, such as springs, lakes and canals, and are unique among

freshwater fishes in showing true viviparity (Fitzsimmons 1976). Habitat loss,

pollution and introduction of exotic species have resulted in many species of

goodeid becoming endangered (De la Vega-Salazar & Macias Garcia 2002), and

ten species are currently included on the IUCN (2000) red list of threatened

animals. In 1960 and 1961, 12 A. splendens were collected from the wild and

bought to London Zoo as part of a captive breeding program. Although declared

extinct in the wild (Contreras-Balderas, S. & Almada-Villela, P., IUCN 1996), A.

splendens was rediscovered in the wild in 1997 (A. Moyaho, unpubl. data). The

existence of wild and captive-bred populations of this species therefore provides a

good opportunity to investigate the long-term effects of captive breeding on

courtship, foraging and aggressive behaviours.

Effect of rearing experience on behaviour

The physical and social conditions experienced during ontogeny have an

important effect on the behaviour of many animals. For example, differences in

alarm call responses observed between wild and captive Belding's ground

squirrels (Spermophilus beldingi) are likely to result from the fact that wild pups

experience more conspecific alarm cues (Mateo & Holmes 1999). Furthermore,

differences between wild and hatchery-reared salmonids in aggressive behaviour

(Berejikian et al. 1996), foraging skills (Sundstrom & Johnsson 2001),

reproductive performance (Fleming et al. 1997) and microhabitat use (Dickson &
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McCrimmon 1982) have been attributed to features of the hatchery rearing

environment (e.g. stocking density and feeding regime).

The realisation that artificial rearing environments typically deprive

animals of ontogenetic experiences required for the appropriate development of

behaviour has led to the development of 'soft' reintroduction techniques, whereby

captive-bred animals are acclimatised to the environment prior to release. This

practice has been implemented for the reintroduction of species such as the guam

rail (Rallus owstoni), the red wolf (Canis rufus) and the golden lion tamarin

(Leontopithecus rosalia) (see Wallace 2000). A more effective approach,

however, is to rear animals in outdoor cages prior to release. Miller et al. (1994)

found that black-footed ferrets (Mustela nigripes) that had been raised in semi-

natural enclosures showed higher post-release survival than those reared in

conventional cages. Despite the often short generation times and simple

maintenance of many fish species, this practice has not been applied to captive-

bred populations of endangered fishes. Furthermore, no study has considered the

effects of the presence of heterospecifics during rearing on the development of

behaviour. The interaction with heterospecifics may allow young animals to

develop skills such as predator recognition and competitive ability. The aim of the

final experimental chapter (chapter six) is to compare the courtship, foraging and

predator recognition skills of laboratory-bred goodeids (Skiffia multipunctata)

(Fig. 1.5b) with those reared in semi-natural outdoor ponds (in single species, or

mixed species groups). This species is a close relative of S.francesae, which is

extinct in the wild but undergoing captive breeding in the UK.
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1.6 Aims of the project

Chapter Specific aims

2 Effect of relaxed predation

pressure on visual predator

recognition in the guppy

3 Effect of early experience on the

anti-predator behaviour of

guppies

4 Can anti-predator behaviour be
enhanced through social

learning?

5 Effect of environmental structure

on the behaviour of wild and

captive-bred Ameca splendens

6 Effect of rearing environment on

the behaviour of the goodeid
Skiffia multipunctata

To compare predator recognition ability

among high- and low-predation guppy

populations and to investigate whether

predator recognition skills are contingent on

experience.

To determine whether early experience with

conspecifics contributes to the development
of anti-predator responses in guppies.

To establish whether low-predation guppies
can learn an improved anti-predator

response through interaction with high-

predation conspecifics.

To compare the behaviour of fish reared in
the laboratory with those reared in semi-
natural outdoor ponds (with and without

heterospecifics).

To compare the behaviour of A. splendens in
the wild with that of their captive-bred

counterparts at London Zoo. Also, to
examine the effect of environmental structure

on behaviour.
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Chapter 2

Effects of relaxed predation pressure on visual predator

recognition in the guppy

Abstract

Many prey species have a genetic predisposition to recognise and respond to predators

and can fine-tune their anti-predator behaviour following appropriate experience.

Although the Trinidadian guppy, Poecilia reticulata, has become a model species for

the investigation of adaptive behaviour, the extent to which experience mediates

predator recognition remains unclear. The aim of this study was to examine the effects

of relaxed predation pressure on patterns of anti-predator behaviour in populations

differing in evolutionary history. The anti-predator behaviour of wild- and laboratory-

born guppies from high- and low-predation localities in Trinidad were compared

using three models resembling Crenicichla alta, a dangerous guppy predator,

Aequidens pulcher, a less dangerous piscivore, and a snake. Snakes are not guppy

predators in Trinidad. Specifically, the following predictions were tested: (1) wild-

caught fish from the high-predation localities (where guppies co-occur with C. alta

and A. pulcher) would respond to the three models according to their perceived level

of threat, whereas guppies from the low-predation site would show a reduced

response to all of the predator models; (2) high-predation laboratory-reared fish would

display a reduced, but qualitatively similar response to their wild counterparts; (3)

there would be no behavioural differences between wild and laboratory-reared low-
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predation fish. In accordance with these predictions, the results revealed that wild fish

originating from high-predation sites responded more strongly to the models than fish

from low-predation sites. When reared in the laboratory, guppies from the high-

predation population showed a reduced response compared to their wild-caught

counterparts, but there was no difference in the behaviour of wild- and laboratory-

reared low-predation fish. Model type affected predator inspection behaviour but not

schooling tendency, and both wild- and laboratory-reared guppies were more wary of

the fish models than the snake. These results suggest that early experience

differentially mediates the anti-predator responses of fish from high-risk localities.

Introduction

Geographic variation in anti-predator behaviour provides insights into the effects of

natural selection on wild populations (Foster & Endler 1999). Although populations

are expected to undergo rapid evolutionary change under increasing predation risk

(Magurran 1999), the evolutionary response ofpopulations to relaxed predation is less

predictable. For example, populations may either retain the ancestral behaviour, or

alternatively they may exhibit a reduction in anti-predator skills over time (Coss

1999). For example, Veen et al. (2000) found that two (genetically similar) island

populations of Seychelles warblers (Acrocephalus sechellensis) exhibited similar anti-

predator responses toward the egg-predating weaver bird (Foudia sechellarum), even

though this predator had been absent from one of the islands for 14 years. In contrast,

a study of the behaviour of rock squirrels (Spermophilus variegates) revealed a

divergence in anti-predator skills among populations differing in predator abundance

(Owings et al. 2001). Squirrels that lived in high snake density areas were more

cautious than those inhabiting low-density areas. Since both populations have a
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similar evolutionary history the differences may reflect varying learning opportunities

associated with predator encounter rate (Owings et al. 2001).

Ontogenetic experience has an important effect on the behaviour of many

species. Animals reared in predator-free environments may possess the full repertoire

of anti-predator skills required for survival, or alternatively some degree of learning

may be required in order for responses to be expressed. Comparing the anti-predator

behaviour of laboratory-reared animals with that of their wild-reared counterparts is a

simple way of disentangling the learned and genetic components of behaviour. If

experience with a predator (or its cues) is required for behaviour to be expressed then

only wild-reared animals will show fear towards their natural predators. This

experimental approach was adopted by Joslin et al. (1964) and Mineka et al. (1984)

who found that laboratory-reared rhesus monkeys (Macaca mulatto) did not fear

either real or model snakes, whereas wild-reared monkeys responded fearfully

towards both stimuli. Much of the evidence suggesting that anti-predator skills

develop through experience comes from studies on fishes. For example, juvenile coho

(Oncorhynchus kisutch) and Atlantic (Salmo salar) salmon improve their predator-

avoidance skills following exposure to live predators (Patten 1977; Olla & Davis

1989; Jarvi & Uglem 1993) and many species of fish can be conditioned to respond to

a novel predator odour if presented in conjunction with chemicals from an injured

conspecific (e.g. Mathis et al. 1996).

The guppy, Poecilia reticulata, is an example of a species that shows

geographic variation in anti-predator behaviour across its natural range (Magurran et

al. 1995). Guppies are small freshwater poeciliid fish native to Trinidad and northeast
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South America. In Trinidad, fish from high-risk localities co-occur with a variety of

piscivorous predators and display well-developed anti-predator behaviour in

comparison to their low-risk counterparts (e.g. Magurran & Seghers 1994a). Several

studies have examined the heritability of schooling behaviour by collecting guppies

from the wild and rearing them in the laboratory (Seghers 1973, 1974; Breden et al.

1987). Population differences persist in the laboratory over several generations,

suggesting that schooling behaviour is largely controlled by genetic factors. However,

the above studies measured the tendency of fish to form cohesive groups in the

absence of any predatory threat and the extent to which predator-specific responses

are contingent on experience is not yet known for this species.

This study compares the behaviour of laboratory-born guppies with that of

their wild-caught counterparts in order to determine whether there is a learned

component in the development of anti-predator behaviour. Wild fish were collected

from three high-predation localities and one low-predation site. In two of these

populations (one high-, one low-predation) individuals were reared in the laboratory

through two generations. Anti-predator behaviour was tested using three models

resembling: (1) the pike cichlid Crenicichla alta, one of the guppy's most dangerous

predators (Houde 1997), (2) a model of the blue acara cichlid, Aequidens pulcher, an

omnivorous and occasionally piscivorous species that represents a moderate predation

threat (Seghers 1973), and (3) a model snake. In Trinidad, snakes have not been

shown to prey on guppies and therefore this model was likely to be a novel stimulus

to fish from both populations. Three predictions were tested: (1) wild-caught fish

from the high-predation localities respond to the fish models more strongly than the

snake, whereas guppies from the low-predation site show a reduced response to all of
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the predator models, (2) if experience is involved in predator recognition, high-

predation laboratory-reared guppies would display poor anti-predator behaviour

compared to their wild caught counterparts, (3) there are no behavioural differences

between wild and laboratory-reared low-predation fish. Behavioural differences

observed among wild and captive-reared fishes could be confounded by selective

predation mortality of wild fish. If this were the case, wild fish would be expected to

show less variable behaviour than laboratory-reared fish. This possibility was

therefore investigated by comparing the variance in schooling and inspection

behaviour among wild and captive-reared females. Since females consistently exhibit

greater anti-predator responses than males (Magurran et al. 1995), the behaviour of

females was tested throughout the study.

Methods

Origin and maintenance of wild fish

Adult guppies were collected from the lower Tacarigua, Tunapuna and upper and

lower Oropuche Rivers (N=30 of each sex per population) in the Northern Range

Mountains of Trinidad (national grid references PS 787 804, PS 759 797, QS 024 851,

QS 043 788 respectively) in April 2000. The lower Tacarigua and Tunapuna Rivers

and the upper and lower Oropuche Rivers form part of the Caroni and Oropuche

drainages respectively. Guppies inhabiting the lower Tacarigua and both the upper

and lower Oropuche Rivers experience high levels of piscivorous predation from

several cichlid (e.g. Crenicichla alta, Aequidens pulcher) and characid (e.g. Hoplias

malabaricus, Astyanax bimaculatus, Hemibrycon dentatum) species (Magurran et al.

1992; Magurran & Seghers 1994b; Endler & Houde 1995). In contrast, guppies

inhabiting the upper Tunapuna are subject to relatively minor predation exerted by a
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single species of cyprinodont, Rivulus hartii, an insectivorous fish that preys

predominantly on juvenile guppies (Seghers 1973; Liley & Seghers 1975). The fish

were returned to the laboratory at the University of the West Indies, Trinidad, and

placed in separate, visually isolated holding aquaria (3 per population: 45 x 30 x

30cm) in mixed sex groups (ca. 1:1 sex ratio). Aquaria were aerated and contained a

layer of pebbles collected from the test populations. Illumination was provided by

40W overhead fluorescent strips set on a 12-hour/light dark cycle, and temperature

was maintained at 25 ± 1°C. The fish were fed to satiation each morning on a diet of

commercially prepared flake food and were allowed to acclimate for one week before

taking part in the experiment.

Experimental apparatus

Observations were performed in a tank (90 x 30 x 30, filled to a depth of 20cm)

containing a layer of pebbles, an air filter and a small amount of aquatic weed, Two

2L plastic bottles (transparent and punctured to allow visual and olfactory cues to

pass) were placed 10cm from either end of the tank. One of the bottles contained a

'school' comprising two males and two females collected from the test population

(Fig. 2.1). This provided a stimulus for the focal fish to perform anti-predator

behaviour (a technique established by Keenleyside (1955) and modified by Magurran

et al. (1992)). The other bottle contained only aquarium water. The bottles were

switched between trials to control for any preference in position of the school. The

school were allowed to settle for 10 minutes before the focal female was introduced.

The test female was introduced into the observation arena via a 'start box', a plastic

container (diameter = 10cm) suspended in the water column using monofilament line.

A small hole at the base of the tub allowed the female to swim out once she was
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settled (usually within a few minutes). When the female entered the main test arena,

the start box was gently removed, and the female was given a further 10 minutes to

explore before the behavioural observations commenced.

Anti-predator behaviour was initiated by sequentially presenting each focal

female with three realistically painted models: a pike cichlid resembling Crenicichla

alta (made from a fishing lure, length = 132mm, depth = 25mm; shown in Fig. 1,4b,

chapter one), the blue acara cichlid, Aequidens pulcher (constructed of resin from a

cast of a dead specimen, length = 135mm, depth = 32mm; see Fig. 1.4a, chapter one),

a coiled, rubber snake (obtained from a toy shop, total length = 232mm,

width=10mm). The snake was pale brown and marked with dark rings (1cm apart)

along the dorsal surface. Snakes are not natural guppy predators and therefore this

model was assumed to pose an unknown 'threat' to fish from both high- and low-

predation rivers. The focal female had no previous exposure to the models and

experienced each of the three predator models sequentially. To reduce possible

confounding effects associated with the sequence of presentation, the first model

encountered by each female was randomised, but the sequence of presentation

remained the same. The fish models were suspended in the water column using

monofilament line (3cm above the gravel) whereas the model snake was gently placed

on the substrate of the observation tank. All models were presented with the anterior

end orientated towards the school (minimum distance between model and school =

15cm).
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Fig. 2.1. Experimental design used to measure anti-predator behaviour in the

guppy. Two transparent plastic bottles were placed at either end of the

observation tank, one of which contained a school (S) to stimulate the fish to

perform anti-predator behaviour. Observations commenced once the model

predator (P) had been gently lowered into the tank. During a 10-minute

period, the time schooling, time inspecting, frequency of inspections and

approach distance of the focal female was recorded (F).

Behaviour of wild-caught fish

Behavioural recording commenced once a model had been gently lowered into the

observation tank. During each 10-minute trial, the schooling tendency, time

inspecting, inspection frequency, and distance approached to the model by the focal

female were recorded. The schooling tendency was measured as the proportion of

time spent within three body lengths of the school, a conservative measure of

schooling (Griffiths & Magurran 1997). An inspection event was characterised by

visual fixation on the model whilst slowly swimming or 'gliding' towards it (Seghers
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1973). Frequently, the test fish swam in a series of arcs along each side of the

predator's body ('avoidance drift' Seghers 1973). The time spent inspecting was the

duration that the test female remained visually fixated on the model. Inspection events

were separated by the female returning to the school or engaging in other activities

such as foraging. Inspection distance, defined as the closest distance approached to

the model during the trial, was estimated using the markings on the models and a ruler

placed in front of the tank. At the end of the trial, the model was removed and all fish

were allowed to settle for five minutes before introducing the next model. After the

female had been exposed to all three models, she was removed, measured (total length

to the nearest mm), and transferred to a post-experimental tank. The school fish were

exchanged every four trials for similar-sized na'ive fish in order to reduce the

possibility that habituation to the model by school members influenced the behaviour

of the focal female. For each trial, the focal female was unfamiliar with fish

comprising the school. None of the school members was used as test fish and vice

versa. The behaviour ofbetween 18 (Tunapuna) and 20 fish (Tacarigua and upper and

lower Oropuche) was recorded for each population.

Origin and maintenance of laboratory-born fish

Adult guppies were collected from the Lower Tacarigua and Tunapuna Rivers in

Trinidad using a one-person seine net (N«150 from each population, grid references

as above) and imported into the UK in March 2000. Fish were housed in visually

isolated aquaria (six per population: 46 x 30 x 30cm, filled to a depth of 23cm) in

mixed-sex groups (ca. 1:1 sex ratio). Each tank contained an air filter, a layer of

gravel and a large clump of aquatic weed. Illumination was provided by overhead

fluorescent strips (18W) set on a 12-hour light/dark cycle and temperature was
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maintained at 25 ± 1°C. All aquaria were monitored daily for newborns. Juveniles

were gently transferred to separate rearing tanks (identical to those described above)

and fed a diet of TetraMin™ baby food twice daily. From the age of 6 weeks,

juveniles were also fed adult fish food. These guppies formed the first generation of

laboratory-reared fish. Once they had reached sexual maturity (ca. 8-10 weeks of age,

Houde 1997) the tanks were checked daily for newborn fish. Offspring of first

generation laboratory-born fish were removed and reared (as above) to produce the

second generation of laboratory-bom fish. Observations commenced once fish from

both populations were of a similar size to those tested in the wild (see data analysis

below).

Experimental apparatus and observation of laboratory-bom fish

The observation tank (60 x 30 x 30cm, filled to a depth of 20cm) was constructed to

resemble as closely as possible the tank used in Trinidad. It contained a layer of

aquarium gravel, an air filter, two 1.5L transparent bottles (transparent and punctured)

and two small clumps of aquatic weed positioned at either end. Due to equipment

constraints, the aquarium used for the observation of laboratory-bom fish was smaller

than that used for wild-caught fish (see Discussion). Trials were conducted as

described above for first- and second-generation females (N = about 20 fish) from

each population.
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Data analysis

Data were transformed (angular transformation for schooling and inspecting times;

log [x+1] for inspection frequency and approach distance data) in order to meet the

assumptions of normality and homogeneity of variance required by ANOVA tests.

The analysis was split into two parts: first, population differences in the behaviour of

wild fish (from four localities) were examined, and second, the effect of laboratory

rearing was tested using fish collected from two of these populations. Combining

these analyses (by nesting the generation factor within population) would have

prevented the interaction between these factors (which was predicted to be

significant) being investigated. Repeated measures ANOVAs (GLMs) were

conducted on each behaviour (time schooling, time inspecting, inspection frequency

and approach distance) to test for differences within and between subjects. Within

subjects factors were predator model (3 levels), while between subjects factors were

population (4 levels in the 1st analysis, 2 in the 2nd) and generation (2nd analysis

only, 3 levels). Multiple comparisons (among behaviours) were corrected using the

Dunn Sidak method (Sokal & Rohlf 1995). Females from the Tunapuna were

significantly larger than those from the Tacarigua (Tunapuna: mean total body length

± s.e. = 27.9 ± 0.35mm; Tacarigua: = 26.3 ± 0.22mm; Upper Oropuche: = 26.7 ±

0.74mm; Lower Oropuche: = 26.6 ± 0.68mm; 1-way ANOVA: F3, 152=4.16, P=0.007,

Tukey test, P<0.05); Body length (TL) was therefore used as a covariate in the model.

Post hoc contrasts were performed using Tukey tests (for comparisons among 3 or

more means) and t-tests with a Dunn Sidak correction for multiple pairwise

comparisons (Sokal & Rohlf 1995).
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If behavioural differences among wild and laboratory-reared fish were

confounded by selective predation mortality of wild fish, the response frequency

distribution of wild fish would be truncated compared to that of their captive-reared

counterparts. To investigate this possible effect, the variation of anti-predator

behaviour among wild and laboratory-born fish was examined using a test for

homogeneity of coefficients of variation (Zar 1999). All statistical tests were two-

tailed and performed using SPSS 11.0 software.

Results

Differences among wild populations

There were significant differences between high- and low-predation populations in the

time spent schooling and inspecting by wild-caught female guppies (Table 2.1, Fig.

2.2). Females from the (high-predation) Tacarigua and upper Oropuche Rivers spent

more time schooling than those from the (low-predation) Tunapuna River; Tacarigua

fish also spent more time inspecting the models than fish from the other populations

(Tukey test, P<0.05, Fig. 2.2a, b). There were no significant population differences in

inspection frequency following a Dunn Sidak adjustment (Table 2.1, Fig. 2.2c). Body

length did not significantly affect anti-predator behaviour and there were no

significant interaction terms for schooling or inspection times or frequencies (Table

2.1).

There were also population differences in the distance approached during

inspection and a significant interaction between population and predator model (Table

2.1, Fig. 2.3). Specifically, females from the Tunapuna River approached the snake

more closely than the fish models (post-hoc analysis: 1-way repeated measures

ANOVA: F2,30=39.9, P<0.001, Tukey test, P<0.05, Fig. 2.3a) and those from the
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Tacarigua River approached the Crenicichla model more closely than they did the

Aequidens one (F2,34=4.62, P=0.017, Tukey test, P<0.05, Fig. 2.3b). Fish from the

upper Oropuche were more wary of the Crencichla model than the snake (F2,22=5.12,

P=0.015, Tukey test, P<0.05, Fig. 2.3c), but guppies from the lower Oropuche did not

behave differently toward the predator models (F2,28=1 -23, P=0.31, Fig. 2.3d).

Table 2.1 F- and P-values for repeated measures ANOVAs on time schooling,
time inspecting, inspection frequency and distance approached. Within-

subjects factors are predator model (pred), and the interactions between

predator and length (pred*len) and predator and population (pred*pop).

Between-subjects factors are body length and population. Significant effects

(following Dunn Sidak correction) are shown in bold; degrees of freedom are

given in brackets.

Behaviour Pred (2) Pred*len

(2)

Pred*pop
(6)

Length (1) Pop (3)

Time

schooling
(146)

F P F P F P F P F P
1.21 0.30 1.24 0.29 296 0.08 0.26 0.61 5.8 0.001

Time

inspecting
(144)

2.35 0.11 2.29 0.11 1.82 0.11 0.66 0.42 11.38 <0.001

Inspection
frequency
(144)

1.83 0.16 1.70 0.19 1.40 0.22 0.24 0.63 3.14 0.030

Approach
distance

(112)

0.96 0.39 1.48 0.23 5.73 <0.001 0.97 0.33 20.0 <0.001
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Differences between wild- and captive-born fish

There was a significant interaction between population and generation for the time-

spent schooling by wild and captive-born female guppies (F2,109=7.96, P=0.001,

Table 2.2, Fig. 2.4a). A post-hoc analysis revealed that laboratory-reared, high-

predation fish spent less time schooling than their wild counterparts (F2,183=13.44,

P<0.001, Tukey test: P<0.05, Fig. 2.4a). Intriguingly, low-predation fish spent more

time schooling when reared in the laboratory (post-hoc contrast: F2,159=13.99,

PO.OOl, Tukey test: P<0.05, Fig. 2.4a). Thus, significant differences in schooling

behaviour were observed between wild high- and low-predation guppies (2-sample t-

test: t94=6.68, PO.OOl), but not laboratory-reared fish (first generation: tio6=0.30,

P=0.75; second generation: ti24=1.10, P=0.27, Fig. 2.4a). There were no other

significant within- or between-subjects effects on schooling behaviour (Table 2.2).

A similar pattern of results was observed for the time-spent inspecting and the

distance approached during inspection by the females. There was a significant

interaction between population and generation for both behaviours (time inspecting:

F2, io9=10.5, PO.OOl, approach distance: F2> 93=8.49, PO.OOl; Table 2.2, Fig. 2.4b &

c). Wild high-predation females spent more time inspecting the models (F2,58=3.86,

P=0.027, Tukey test, PO.05), and inspected from a greater distance F2j i76=l 8.05,

P<0.001), than both generations of laboratory-reared fish (Fig. 2.4b & c). The second-

generation of laboratory-born low-predation females spent significantly more time

inspecting the models than wild fish (F2j 58=3.86, PO.OOl, PO05), but there was no

difference in approach distance among generations for these fish (F2j 146=2.11,

P=0.125, Fig. 2.4b & c). Population differences for the wild-caught fish in the time-
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spent inspecting the models (2-sample t-tests: t62=4.32, P=0.001) did not persist in

first- (tio5=1.56, P=0.12) or second-generation (ti23=0.58, P=0.57) captive-reared fish

(Fig. 2.4b). In contrast, differences in approach distance observed between wild

populations (tg8=7.40, PO.OOl) were apparent in the first (t]o2=2.60, P=0.011), but

not second generation of laboratory-reared fish (Fig. 2.4c). There were no other

significant within- or between-subjects effects for time inspecting and there was no

effect of captive rearing on inspection frequency (Table 2.2).

Within subjects, there were significant interactions between predator and

population (F2) 93=5.08, P=0.007) and predator, population and generation (F4>93=3.46,

P=0.009, Table 2.2) for approach distance behaviour. Wild low-predation guppies

approached the snake significantly more closely than the other models (post hoc

ANOVA: F2,48=23.6, P<0.001, Tukey test, P<0.05), but the same tendency was not

significant for high-predation fish (F2,54=3.10, P=0.053, Fig. 2.5a). In laboratory-

reared fish, both generations of low- and high-predation females were less wary of the

snake than they were of the other model predators (post hoc ANOVAs with Tukey

tests; low-predation: first generation: F2>43=8.14, P=0.001; second generation: F2i

49=3.74, P=0.031, high-predation: first generation: F2>55=4.61; P=0.014; second

generation: F2,61=5.05, P=0.009, Figs. 2.5 b, c).

Homogeneity of coefficients of variation

There were significant differences in the variance in schooling and inspection time

between wild and laboratory-born high-predation guppies (schooling: x22=6.97,

P=0.032; inspecting: x22=6.73, P=0.037). An examination of the coefficients revealed

that the schooling tendency of first-generation, laboratory-born fish was more variable
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than that ofboth wild and second-generation fish. In contrast, the coefficient of

variation for the time spent inspecting was greater for wild fish than either generation

of laboratory-born fish. There were no significant differences between the variances

in schooling and inspection behaviour for fish from the low-predation population

(schooling: X22-1-04; inspecting: P=0.95, x22~2.32, P=0.44). No differences in the

variance of approach distance behaviour were observed between wild- and laboratory-

reared fish from either population (high-predation: x^l-29, low-predation: P=0.53;

^1.75, P=0.44).
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Data are pooled for snake and fish models (see text for details). Bars
indicate mean ± s.e. N=54 for Tunapuna, N=60 for the other

populations.

2. Relaxed predation and anti-predator behaviour | 38



(a)

E
o

0
o
c
03
w

T3
~ 4

o
03 ~

O 2
v

Q_
Q.
< „

_i_

_r_

X

snake Aequidens Crenicichla

(b)

^ 20
E
o

X 16 ^
o

TO 12 -

cn

8
o
03
o
l_

Q.
Q.
<

X

X

snake Aequidens Crenicichla

Fig. 2.3 Minimum/closest distance approached by wild female guppies

inspecting snake and fish (Aequidens and Crenicichla) models.

Guppies were collected from the low-predation Tunapuna (a) and

high-predation Tacarigua (b), upper Oropuche (c) and lower Oropuche
Rivers (d). Bars represent mean ± s.e. N=52, 57, 49 & 54 for

populations (a)-(d) respectively.

2. Relaxed predation and anti-predator behaviour | 39



(C)

E
o

<D
o
c
03

w

T3

az
o
03

2
Q.
Q.
<

20 n

16 -

12 -

T

T

-

i I I

snake Aequidens Crenicichla

(d)

E
o

0
o
c
TO
to
T3

x:
o
03
O
i_

Q.
Q.
<

16

12 -

4 -

snake Aequidens Crenicichla

2. Relaxed predation and anti-predator behaviour | 40



Table2.2ResultsofrepeatedmeasuresANOVAs(GLMs)conductedontimeschooling,inspecting,inspectionfrequencyand approachdistance,withfishlengthasacovariate.Within-subjectsfactorsarepredatormodel(pred)andtheinteractionsbetween predatormodelandlength(pred*length),predatorandpopulation(pred*pop),predatorandgeneration(pred*gen)andpredator, populationandgeneration(pred*pop*gen).Between-subjectseffectsarefishlength,population,generationandtheinteraction betweenpopulationandgeneration.F-andP-valuesareshown,degreesoffreedomforeachfactorandbehaviouraregivenin bracketsandsignificanteffectsfollowingaDunn-Sidakcorrectionareshowninbold. Behaviour
Pred

(2)

Pred*length
(2)

Pred*pop
(2)

Pred*gen
(4)

Pred*pop*gen
(4)

Length
(1)

Pop
0)

Gen
(2)

Pop*gen
(2)

FP

FP

FP

FP

FP

FP

FP

FP

FP

Time schooling (109)

3.890.022
4.160.017
0.890.41
0.900.46
0.420.80

0.030.87
4.750.031
2.890.06
7.960.001

Time inspecting (109)

1.810.17
1.310.27
0.360.70
0.200.94
1.300.27

0.220.64
14.0<0.001
0.360.70
10.5<0.001

Inspection frequency (109)

0.350.71
0.260.78
0.020.98
2.100.08
0.560.69

0.020.89
1.530.22
1.200.30
1.700.19

Approach distance (93)

0.680.51
0.260.78
5.080.007
2.750.030
3.460.009
0.200.66
26.06<0.001
1.850.16
8.49<0.001
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Discussion

This study shows that wild-caught female guppies from high-predation rivers were

more wary of the predator models than their low-predation counterparts. This finding

is consistent with a large number of previous studies investigating population

differences in guppy anti-predator behaviour (see Houde 1997). The females captured

from high- and low-risk populations tailored their approach distance according to

predator model type, but the other anti-predator behaviours were not model-specific.

Interestingly, the anti-predator behaviour of guppies from high- and low-predation

regimes was altered when they were bred in the laboratory. Those originating from

the high-predation site (Tacarigua) spent less time schooling and inspecting, and

approached the models more closely than their wild-born counterparts. Laboratory-

born, low-predation guppies, on the other hand, spent more time schooling and

inspecting the predator models than wild fish. Population differences in schooling and

inspection times of wild-caught females were therefore not observed in laboratory-

reared fish. The laboratory-born females from both high- and low-predation

populations behaved differently towards the predator models, and approached the

snake more closely than either of the fish models.

Population differences

Wild fish from the high-predation (Tacarigua and Oropuche) localities spent more

time schooling and inspected the predator models from a greater distance than their

low-predation counterparts. Interestingly, there were significant differences in

predator inspection behaviour among guppies originating from high-predation sites;

females from the Tacarigua River spent more time inspecting the predator models

than fish from the other high-predation sites. Similarly, the distance approached
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during the females' inspection of the models varied between high-predation

populations; females from the lower Oropuche River did not behave differently

towards the models whereas fish from the Tacarigua River inspected the blue acara

(.Aequidens) model from a greater distance than the Crenicichla model.

The differences in anti-predator behaviour observed between wild guppies

collected from high-predation populations may partly be explained by inter-drainage

differences; the Tacarigua and Tunapuna Rivers (part of the Caroni drainage) drain

west into the Gulf of Paria whereas the Oropuche River runs east into the Atlantic

Ocean (See Fig. 1.2, chapter one). The finding that fish from the Oropuche River

spent less time inspecting the models than those from the Tacarigua River is

consistent with previous studies documenting inter-drainage differences in anti-

predator skills (Magurran et al. 1992; Seghers & Magurran 1995). The Tacarigua and

Oropuche Rivers appear to contain similar predator assemblages (Seghers &

Magurran 1995), thus several alternative explanations for inter-drainage differences in

anti-predator behaviour have been proposed. First, Oropuche fish are more aggressive

than those from the Caroni (Magurran & Seghers 1991) and may be trading off anti-

predator responses with aggressive behaviour (Seghers & Magurran 1995). Second,

genetic studies have suggested that the drainages diverged around 500,000 years ago

(Fajen & Breden 1992); behavioural differences could therefore reflect their different

evolutionary histories (Seghers & Magurran 1995).

However, inter-drainage variation cannot account for differences in the

distance approached during inspection by fish from the upper and lower Oropuche

Rivers; upper Oropuche females were more wary of the Crenicichla model than the
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snake one, whereas lower Oropuche fish did not alter their behaviour according to

model type. This pattern of behaviour may arise because of differences in the relative

abundance of predators, or their feeding strategies, between the two sites. For

example, Mattingly & Butler (1994) found differences in prey-size selection of

Crenicichla alta originating from different populations; pike cichlids from the Aripo

River were more selective than similar-sized individuals from the Oropuche River.

The pike cichlid, Crenicichla alta, is generally considered to be the most

dangerous guppy predator (Houde 1997) so it is surprising that the Tacarigua females

reacted to the Crenicichla model and that of the snake in a similar manner. There are

three reasons why this outcome might have occurred. First, the blue acara was

constructed from a cast of dead specimen and was therefore likely to be more realistic

than the pike cichlid model, which was a painted fishing lure. Previous research with

predator models has found that the least realistic models elicit more inspection visits

(Magurran & Girling 1986). Thus, in the present study the less-realistic pike cichlid

model may have stimulated the females to inspect the model more closely. Support

for this idea comes from the observation that this pattern ofbehaviour was only found

in wild fish (i.e. those that are likely to have had experience with real pike cichlids).

Second, the blue acara model was larger in cross section and may have stimulated a

stronger response in these fish (Karplus & Algom 1981). Third, although wild guppies

are apparently not predated upon by snakes, the swamp eel (Synbranchus

marmoratus), which the model snake resembled, is classed as a carnivorous scavenger

(Kenny 1995) and may have been treated by Tacarigua fish as a potential predator.
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Wild low-predation guppies, with no previous experience of fish predators

(other than the minor guppy predator, Rivulus hcirtii), were able to distinguish

between the snake and fish models. In addition, the ability to discriminate between the

models persisted in both generations of laboratory-reared fish. These findings suggest

that guppies have an innate ability to respond to particular visual cues and are

predisposed to recognise predatory fish. Predator-specific responses were only

observed for approach distance, suggesting that this behaviour is specific to the

perceived threat, whereas schooling and inspection tendency are more generalised

responses. A study by Karplus & Algom (1981) on predator recognition by reef fishes

revealed that the primary cues used in discriminating piscivorous fish from non-

piscivorous ones were the distance between the eyes and the size of the mouth. Many

other animals also have an unlearned ability to distinguish between predators and non-

predators. For example Curio et al. (1983) found that hand-reared (predator-nai've)

great tits (Parus major) increased their intensity of defensive behaviour and

approached their natural predator, the European sparrow hawk (.Accipiter nisus), less

closely than a tawny owl (Strix aluco), a non-bird predator.

Rearing effects

The predator recognition and response skills of high-predation fish were reduced in

fish reared in the laboratory. Although previous studies have established that the

schooling tendency of guppies (in the absence of a predator) has a genetic basis

(Seghers 1973; Seghers 1974; Breden et al. 1987), the findings presented here show

that predator recognition and response skills require some degree of learning in high-

predation populations. Fishes may enhance their anti-predator skills through

individual experience with a predator (or its cues), and/or by observing conspecifics
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responding to a threat (=social learning, Box 1984) (see chapter four). Learning about

predators from conspecifics is likely to be an important process in the guppy, a fish

that displays well-developed schooling behaviour from birth (Magurran & Seghers

1990b).

An intriguing finding was that laboratory-bom guppies from the low-predation

population spent more time schooling in the presence of the predator models than

those bom in the wild. The low-predation fish originated from the Tunapuna River, a

small mountain stream in which fish are subjected to low levels of disturbance. It is

possible that fish raised in the laboratory may have been perturbed by general

maintenance procedures such as feeding and cleaning, causing them to elevate their

schooling response. In addition, laboratory-rearing conditions may promote the

development of behavioural tendencies such as enhanced curiosity (see chapter six);

this may be reflected in the increased amount of time these fish spent inspecting the

models.

Although observations of wild-caught and laboratory-bom fish were

performed in similar environments, differences in the test conditions, particularly the

difference in observation tank size (see Methods), may have contributed towards the

observed differences. However, the observation that the populations responded

differently when bred in the laboratory, and that differences were observed among

generations of laboratory-raised fish, makes this explanation unlikely. Another

possible explanation for the results is selective mortality of wild fish. If predation

mortality of wild fish were responsible for the differences in behaviour observed

among wild- and laboratory-bom fish, wild (high-predation) fish would be expected
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to show less variable behaviour than laboratory-reared fish. However, inspection

behaviour of wild fish was more variable than that of laboratory-raised fish. The

schooling behaviour of wild, high-predation females was less variable than that of

first generation laboratory-bom fish, but there were no differences in variability

between wild and second-generation fish. In addition, selective mortality of wild fish

would cause the frequency distribution of responses to be nested within those of

laboratory-bom fish, which was not the case in this study. Thus, although the role of

selective mortality of wild fish cannot be excluded, it is unlikely to fully account for

these findings.

The results of this chapter suggest that experience with predators (or their

associated cues) is required in order for high-risk fish to develop their anti-predator

skills. However, laboratory-reared fish may have been deprived of other experiences

not associated with predator encounter, which may be necessary for the development

of anti-predator skills. Previous studies have demonstrated the importance of adult-

offspring interactions during rearing in three-spined sticklebacks (Tulley &

Huntingford 1987; Huntingford & Wright 1993) and guppies (Goodey & Liley 1986).

For example, there is some evidence that frequent chasing of young guppies by adults

may allow them to enhance their escape responses (Goodey & Liley 1986). This

possibility is considered in the following chapter (three).

Guppy populations differ in the extent to which ontogenetic experience is

important for the development of predator recognition skills. The present study

investigated behavioural differences between wild and captive-bom guppies from

high- and low-predation populations from one river; however, similar patterns of

behaviour would be observed among other populations that differ in predator
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assemblage. These results have important conservation implications as they suggest

that the behaviour of wild and captive-bred animals can diverge within one generation

of captive rearing, if animals are deprived of appropriate learning experiences.

Divergence of wild and captive phenotypes is frequently cited as a major hindrance to

the success of captive-breeding and reintroduction programmes (e.g. Lyles & May

1987; Beck et al. 1994; Fleming 1994; Snyder et al. 1996). The future challenge for

behavioural ecologists and conservation managers is to ensure that captive animals

are provided with stimuli that allow natural behaviours to be retained, over both

ontogenetic and evolutionary time (e.g. McLean 1997; Wallace 2000).

Data from this chapter have been accepted for publication in Behavioural Ecology & Sociobiology as
Kelley & Magurran. Effects of relaxed predation pressure on visual predator recognition in the guppy.
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Chapter 3

The effect of early experience on the anti-predator

behaviour of guppies

Abstract

In several fish species, the experience of being chased by adult conspecifics

improves escape ability. The experiment presented in this chapter was designed to

investigate whether other anti-predator responses are also enhanced by

adult/juvenile interactions. Specifically, this study determined whether exposure

to an adult conspecific contributes to the development of schooling and predator

inspection skills in the guppy (Poecilia reticulata). Newborn guppies were

assigned to one of three treatments: (1) repeated exposure to three chasing adult

conspecifics, (2) repeated exposure to the observation arena only, (3) a control

group in which fish were not handled. Anti-predator skills (schooling and four

measures of inspection behaviour) were re-tested when the fish reached six weeks

of age. The results revealed that early interaction with adult conspecifics had no

effect on the subsequent anti-predator behaviour of young guppies. These findings

suggest that learning about predators is complex and may involve other processes

such as exposure to visual and chemical predator cues.
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Introduction

Predator defences are costly to maintain (Magurran 1999) and many prey species

have the ability to fine-tune their response to predators according to local risk.

Early exposure to predator-related stimuli can induce a variety of morphological,

ecological, and behavioural changes in prey animals. For example, when crucian

carp (Carassius carassius) are exposed to chemical cues from piscivorous fish,

they develop an increase in body depth (Bronmark & Miner 1992; Bronmark &

Pettersson 1994), which makes them less vulnerable to gape-limited predators

(Nilsson et al. 1995). Predator encounters can also induce short-term behavioural

shifts that reduce the immediate risk of predation (Lima & Dill 1990). For

example, pink salmon fry (Oncorhynchus gorbuscha) preferentially forage on less

profitable sheltered areas in the presence ofpotential predators (Magnhagen

1988). More permanent changes in behaviour following predator exposure can

reflect the propensity of an animal to learn from an encounter.

Much of the research investigating the effects of experience on anti-

predator responses has been conducted on fishes. For example, when juvenile

coho salmon (Oncorhynchus kisutch) survive an encounter with live torrent

sculpin they are more likely to survive during subsequent encounters (Patten

1977). Zebra danios (Brachydanio rerio) have been shown to increase their escape

velocity after being exposed to video footage of a 'predator' (Dill 1974) and

minnows (Phoxinus phoxinus) display enhanced evasion tactics following

exposure to a moving model pike (Magurran 1990b). Many fish species can also
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learn to avoid predators if predator cues are associated with chemicals from

injured conspecifics (reviewed by Smith 1992, 1997; Chivers & Smith 1998).

Adult-offspring interactions provide an early opportunity for fish to

develop their anti-predator skills. In three-spined sticklebacks (Gasterosteus

aculeatus), males care for the offspring, chasing and retrieving them if they stray

from the nest. Tully & Huntingford (1987), and Huntingford & Wright (1993)

found that the experience of being chased contributed to the development of anti-

predator skills in high-, but not low-predation populations. Similarly, Brown

(1984) found that the onset of predator avoidance in bass was influenced by the

extent of paternal guarding. Goodey & Liley (1986) found that when guppies

(Poecilia reticulata) were chased by adult conspecifics they showed an

improvement in their freeze response towards a model heron and were more likely

to survive subsequent attacks from a live piscivorous predator.

The guppy is an example of a species that experiences ontogenetic changes

in predation pressure according to predation regime (Table 3.1). Both wild- and

laboratory-bred newborn guppies (from high- and low-predation regimes - see

chapter one for definitions) are vulnerable to cannibalistic attacks from adults,

particularly by adult females. In low-predation risk localities, immature size

classes of guppy (<14mm) are also preyed upon by the killifish, Rivulus hartii

(Seghers 1973; Liley & Seghers 1975; Mattingly & Butler 1994). Juvenile (10-

14mm) and adult guppies (>18mm) from high-predation risk streams are also

vulnerable to a variety of dangerous predators (all larger than Rivulus) including
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cichlids (Crenicichla alta) and characins (Astyanax bimaculatus) (Mattingly &

Butler 1994). Early experience of cannibalistic conspecifics may provide the first

opportunity for guppies to develop their anti-predator skills. When encountering

an adult female, newborn fish display a number of anti-predator tactics, for

example schooling and inspection behaviour (Magurran & Seghers 1990b), which

make it possible for juveniles to assess the level of the threat (Pitcher & Parrish

1993). Similar skills are employed during adult predator-prey interactions,

although it is not known whether adult-juvenile interactions contribute to the

development of schooling and inspection behaviour in this species.

Table 3.1 Main predation threats to guppies from low- and high-predation

localities at different life stages, based on the findings of Mattingly & Butler

(1994).

Predation regime Newborn
Juveniles

(10-14mm)
Adults

Low-risk Adults Rivulus No fish

Rivulus predators

High-risk Adults Rivulus Crenicichla and

Rivulus Crenicichla and other large
other large piscivores

piscivores
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The aim of this experiment was to investigate whether early predatory

experience with adult female guppies affects subsequent patterns of anti-predator

behaviour in juveniles originating from a high-predation population in Trinidad.

Newborn guppies were split into groups of four individuals and assigned to one of

three treatments: (1) experience of three chasing adult females on days 0, 1 and 2

following birth, (2) experience of the observation arena only on days 0, 1 and 2

after birth, (3) no handling (control). Guppies were subsequently reared in their

respective groups until six weeks of age, at which time the anti-predator behaviour

of the test fish towards a live killifish (Rivulus hartii) was assessed. The time

spent schooling and four elements of predator inspection behaviour were

considered as measures of anti-predator behaviour. It was predicted that juveniles

would display enhanced anti-predator behaviour towards the killifish following

the simulated predatory threat in comparison with their inexperienced

counterparts. The anti-predator skills of fish that had experienced only the test

arena were not expected to differ from those that had not been handled.

Methods

Origin of experimental fish and their maintenance

The fish used in this experiment were first generation laboratory-born guppies,

originating from the Tacarigua River (grid reference PS 787 804) in Trinidad. The

Tacarigua River is characterised by high levels of predation from cichlid (e.g.

Crenicichla alta, Aequidens pulcher) and characid (Hoplias malabaricus,

Hemibrycon dentatum) piscivores (Magurran & Seghers 1994b). Fish were housed

and bred in standard aquaria (46 x 30 x 30cm, filled to a depth of 22cm) for three
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months prior to the experiment. All tanks contained a filter, a layer of aquarium

gravel, and a small clump of Java moss (Vesicularia dubyana). Temperature was

maintained at 25 ± 1°C and illumination was provided by 18W overhead

fluorescent strips set on a 12-hour light/dark cycle. Females (n=56) were isolated

individually in 3.4L plastic 'maternity bottles' (each containing conditioned

aquarium water, an air stone and a small amount of Java moss) and checked twice

daily for broods. Within 24 hours of birth, offspring were assigned to one of three

treatments: predator-experience, arena-experience or a control group. Newborn

fish were treated in groups of four and if the number of young in a brood was not a

multiple of four, then offspring from another female (born the same day) were

added to make up a treatment group. At the end of each day juveniles that were

not assigned to a treatment were returned to stock aquaria.

Predator-experience and arena-experience trials were conducted in an

open, circular white arena (41cm diameter, with water 3cm deep) illuminated by

an overhead lamp (40W). The light was positioned so that it illuminated only the

arena and consequently the investigator was able to observe the juveniles closely

whilst remaining inconspicuous. The water in the arena was changed following

each trial.

(a) Behaviour of newborn fish

(i) Predator-experience trials

Prior to commencing the predator-experience trials, three adult females were

gently placed in the observation arena. These were randomly selected, from a
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stock of 12, for each trial (mean total length ± s.e. =32.4 ± 0.61mm). Observations

began as soon as the juveniles (n=4) were introduced into the arena. In all trials,

the presence of the adult females elicited a strong anti-predator response in the

young. During a 15-minute observation period, the number of inspections,

maximum group size during each inspection and the closest distance approached

to the adult female were recorded. The mean behaviour of the group was recorded;

thus each group of four fish comprised one replicate. During inspection the

juveniles quickly approached a female, often darting away from the mouth area

and closely inspecting the posterior regions of her body ('attack cone avoidance'

George 1960). Group size during inspection was defined as the number of

individuals remaining within five body lengths of each other during an inspection

event (Seghers & Magurran 1995). The closest distance approached was measured

by eye to the nearest cm (this was aided using a ruler placed alongside the arena).

The number of times juveniles were chased by an adult was also recorded. The

time taken to capture an animal is an indicator of the likelihood that it will escape

a predator in the wild (Birkhead et al. 1998). We therefore used the time taken to

catch all four individuals from the observation arena as a measure of escape ability

(see Evans & Magurran 2000). This was done in a standardised way at the end of

each trial, using a small net.

(ii) Arena-experience trials

Juveniles assigned to the arena-experience treatment encountered the arena in the

same manner as fish in the predator-experience group, but were not subjected to

any predatory threat. During these trials, the tendency of the fish to school was
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measured by recording maximum group size, defined as the number ofjuveniles

within five body lengths of one another, every 30s for a 15-minute period (Seghers

& Magurran 1995). As for the predator-experience trials, this measure provided a

mean group size for the 15-minute trial and comprised one replicate. At the end of

each trial, the time taken for all four juveniles to be caught was recorded (as

described above).

(iii) Control

The juveniles allocated to the control treatment were isolated in 2.3L rearing

bottles within 24 hours of birth and were not handled any further. The bottles were

aerated and contained a small amount ofjava moss. Fish were fed a diet of

Tetramin™ baby food and the water in the bottles was partially changed once per

week (as for the other treatments, see below).

The juveniles assigned to the two treatment groups (predator- and arena-

experience) underwent two further 15-minute trials on days 1 and 2 following

birth. Each group was then placed in a 2.3L plastic bottle (containing conditioned

water, an air stone and Java moss) and fed a diet of TetraMin™ baby food. Bottles

for all three treatments were carefully labelled and coded so that subsequent

predator exposure trials were performed blind of experimental group.

(b) Behaviour of six week-old fish

Anti-predator behaviour was re-examined when the experimental fish were six

weeks old (± 1 day), at which time the sexes were not fully differentiated (Houde
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1997). On the day prior to each trial, guppies were gently removed from their

rearing bottles and allowed to acclimate in small holding aquaria (20.5 x 30.5 x

17cm deep). On the following morning, juvenile groups were fed to satiation and

transferred to an observation tank (60 x 30 x 30cm, filled to a depth of 20cm)

containing aquarium gravel, Java moss and an air filter. Juveniles were allowed to

acclimate for 30 minutes prior to each trial. Behavioural observations commenced

as soon as the guppy predator Rivulus hartii had been introduced into the tank.

Care was taken to ensure that the focal fish were not disturbed as the predator was

placed into the test arena. The predator was selected at random (from a stock of

three individuals, mean total length ± s.e. =44.3 ± 2.3mm) and fed to satiation on

frozen bloodworm prior to trials. Rivulus gently swam around the tank and

occasionally chased, but did not attack any of the guppies. During a 15-minute

period, the predator inspection behaviour of the group was measured using the

methods described above (i.e. the behaviour of each group of four fish comprised

one replicate). The total number of predator inspections, the number of individuals

participating per inspection and the closest distance approached to the predator (in

cm, estimated using a ruler placed in front of the tank) was recorded. The body

region of Rivulus that the focal fish inspected was also noted during each

inspection event. Following Magurran & Seghers (1990a), this was recorded by

dividing Rivulus' body into four sections: mouth to eye (1), eye to pectoral fins

(2), pectoral fins to dorsal fin (3) and tail (4) and noting which section(s) were

approached by the focal fish during each inspection (Fig. 3.1). At the end of each

trial, the total lengths of the test fish were recorded to the nearest millimetre

before they were returned to stock aquaria. Based on the known variance in
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schooling and predator inspection for fish from the Tacarigua River (see previous

chapter), the sample size chosen for each treatment group (N=13, 14 & 16 for

predator-, arena-experience and control groups respectively) was the minimum

required to detect a significant difference (at 70% statistical power).

Fig. 3.1 A sketch of the predator Rivulus hartii. The region of Rivulus

inspected was recorded by dividing the body into four subdivisions:
mouth to eye (1), eye to pectoral fins (2), pectoral fins to dorsal fin (3)
and tail (4). Redrawn from Magurran & Seghers (1990a).

Data analysis

Data were transformed (see Results) in order to meet the assumptions of normality

and homogeneity of variance required by ANOVA tests. Repeated measures

ANOVAs were used to test for behavioural differences between consecutive trials

for newborn fish. Differences in attack cone avoidance behaviour were also tested

using repeated measures ANOVA with body length as a covariate, inspection

region as the within subjects factor, and treatment as the between subjects factor.

Dunn Sidak adjustments (Sokal & Rohlf 1995) were used to correct for multiple

tests performed on newborn and six week old guppies. All tests are two-tailed and

were performed using SPSS 11.0 statistical software.

1 2 3 4
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Results

(a) Behaviour of newborn guppies

The juveniles assigned to the predator-experience treatment were chased an

average of 6.95 times per trial (± 0.67 s.e.) and this remained consistent over the

three consecutive encounters (F2> 22=0.40, P=0.67). The juveniles tended to

approach the adult closely (mean distance approached=2.0 ± 0.2cm s.e.) and in

small groups (mean group size during inspection^.57, ± 0.05 s.e.), performing an

average of 3.06 (±0.16 s.e.) inspections per minute. There were no significant

differences in the number of inspections (F2,24=l-36, P=0.28), mean group size

during inspection (F2i24=0.14, P=0.88), approach distance (F2j22=1.00, P=0.38), or

mean escape ability (F2,22=T33, P=0.28, data 1/^transformed) between the three

trials.

In the arena-experience trials, juveniles swam in schools comprising a

mean of 2.52 (± 0.09 s.e.) individuals and had a mean escape time of 17.4 (± 1.45

s.e.) seconds. Mean school size decreased over successive trials (F2>22=8.71,

P=0.002; Tukey test: P<0.05) and there was no difference in the time taken to

escape the net (F2)26=2.37, P=0.11). Guppies that had experienced the adult

female took significantly longer to catch than those that had not been exposed to

the threat (2-sample t-test: tgi=2.27, P=0.026).

(b) Behaviour of 6 week-old guppies

Mean total body length of six-week-old fish differed among the treatments and

fish in the control group were significantly larger than those in the arena-
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experience treatment (1-way ANOVA: F2,39=3.55, P=0.038, Tukey-test, P<0.05,

Fig. 3.2). GLMs, with body length as a covariate, were therefore employed to test

for differences in behaviour of six-week-old fish between treatments.

(i) Attack cone avoidance

Within subjects, there were significant differences between the regions of Rividus

that were approached during inspection (F3; 102=13.76, PO.OOl, data arcsine

transformed). There were significant interactions between inspection region and

treatment (F6, io2=2.80, P=0.014) and region and body length (F3) 102—13.76,

P<0.001), although the former difference was not significant after applying the

adjustment for multiple comparisons. Post-hoc ANOVAs revealed that guppies in

the control group tended to perform more inspections towards the mouth (F2,

34=3.80, P<0.001, Fig. 3.3a) and fewer towards the tail than the other groups (F2,

34=1.05, P=0.014, n.s. following adjustment, Fig. 3.3b). There was a negative

relationship between body length and inspections for approaches toward the

mouth (Fig. 3.4a) and a positive association between body length and inspection

frequency for those toward the tail (Fig. 3.4b; Pearson's correlations, r=-0.55,

N=38, PO.OOl, r=0.53, N=38, PO.OOl respectively). Thus smaller juveniles

directed more inspections toward Rivulus' mouth whereas larger fish more often

inspected the tail. There were no differences between treatments (region 2: F2,

34=1.05, P=0.36, region 3: F2,34=4.89, P=0.62) or effects ofbody size (region 2:

Fi;34=1.80, P=0.188, region 3: Fij34=1.65, P=0.21) for the other inspection

regions.
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(ii) Inspection rate

Six week-old guppies performed an average of 0.73 (± 0.06 s.e.) inspections per

minute towards Rivulus. There was no difference between treatments in the

number of inspections performed (F2,38=0.05, P=0.95, data log+1 transformed)

and no effect of body size on inspection rate (Fj, 3g=0.68, P=0.41).

(Hi) Group size during inspection

Mean group size during predator inspection was 1.44 fish (± 0.06 s.e.) and there

was no difference among the treatments (ANOVA on log+1 transformed data:

F2,38=1 -07, P=0.35) and no significant effect of body length (F]j38=10.05, P=0.027,

n.s. after Dunn Sidak correction).

(iv) Inspection distance

Guppies that performed predator inspections approached Rivulus to within 3.2cm

(± 0.22 s.e.). Neither body size (ANOVA on log+1 transformed data: Fi>38=10.05,

P=0.027, n.s. after Dunn Sidak correction), nor treatment (F2>38=0.36, P=0.70) had

a significant effect on the closest approach distance. However, a Pearson's

correlation between fish length and approach distance revealed that larger guppies

tended to approach the predator more closely (r=-0.46, N=42, P=0.002, Fig. 3.5).

(v) Schooling tendency

Young fish tended to form schools comprising a mean of 2.3 individuals (± 0.72

s.e.). There was no difference in schooling tendency among treatments (F2)

36—0.21, P=0.09) and no effect of body size (Fp 36=0.03, P=0.88).
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*

pred-exp arena-exp control

Fig. 3.2 Total body length (mean ± s.e.) of six-week-old

guppies allocated to predator-experience (pred-exp),

arena-experience (arena-exp) and the control groups. *
indicates significant difference at P<0.05 (ANOVA: F2,

39=3.55, P=0.038). N=13, 14 & 16 for each treatment

respectively.
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Fig. 3.3 Percentage of inspections directed toward the mouth (a) and tail

(b) regions of the fish predator R. hartii by 6-week-old guppies. Fish in
the predator-experienced (pred-exp.) group were exposed to a predatory
threat (adult female) on days 1-3 following birth. The arena-experienced

(arena-exp.) group were placed in the observation pool on days 1-3 but
did not experience the female. Control groups were isolated into rearing
bottles from birth. Means ± s.e. are shown. N=11,12 and 15 for pred-

exp., arena-exp. and control groups respectively.
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Discussion

In summary, there was no effect of early predatory experience on the inspection

rate, inspecting group size, distance approached or schooling tendency ofjuvenile

guppies. Treatment group affected the region of Rivulus approached during

inspection, but this trend was not significant after applying a correction for

multiple comparisons. Body length had an effect on inspection behaviour with

larger fish directing a greater proportion of inspections towards the tail and

approaching the predator more closely. Newborn guppies that were assigned to the

predator exposure treatment displayed no significant changes in anti-predator

behaviour over the three consecutive encounters.

Previous work on attack cone avoidance behaviour of guppies towards

Rivulus has revealed that guppies from high-predation environments perform

fewer inspections toward the predator's mouth region than their low-predation

counterparts (Magurran & Seghers 1990a). This strategy allows the fish to gain

information about the predator's motivation whilst avoiding the area in which they

are most prone to attack (Magurran & Seghers 1990a). If early chasing experience

were to result in guppies avoiding the mouth region of predators, we would have

expected fish in the predator-experience group to display stronger attack cone

avoidance than those that were not exposed to the predatory threat. In contrast to

this prediction, however, newborn guppies that had been chased by adult females

directed a similar proportion of inspections toward the mouth as the control group.

Larger juveniles (16-19mm) directed a greater proportion of inspections

towards Rivulus' tail and approached more closely than the smaller fish. In
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contrast, smaller fish tended to inspect the predator's head region more often.

Laboratory experiments have found that guppies in the size range 6-14mm are

most vulnerable to capture by Rivulus (Mattingly & Butler 1994) and therefore our

finding that smaller fish were more likely to approach the mouth region of the

predator is surprising. The body size of young guppies was variable (1 l-19mm)

and the observed differences could reflect ontogenetic changes in behaviour. For

example, newborn guppies from both the lower and upper Aripo populations

display similar schooling tendencies (Magurran & Seghers 1990b). However, the

observation that laboratory-raised adult lower Aripo (high-predation) fish form

more cohesive associations than their low-predation counterparts (Seghers 1973;

Seghers 1974) suggests that ontogenetic changes in schooling occur independently

of experience. The results presented here suggest that the tendency for fish to

inspect particular parts of a predator's body occurs through genetically determined

developmental changes. The effect of treatment on attack cone avoidance

behaviour (when controlling for differences in body length) was not significant

after a multiple comparison correction; thus whether experience further

contributes to the development of attack cone avoidance behaviour remains

unclear.

Prior experience with a predator had no effect on the inspection rate,

inspecting group size, distance approached, or schooling tendency of the test fish.

These findings contrast with those presented by Goodey & Liley (1986) who

found that early experience of being chased by adult conspecifics enhanced the

freeze response and drop distance of female guppies towards an aerial model
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predator. These authors also found that the experience of being chased influenced

the probability that a guppy would survive an encounter with a live cichlid

predator. However, a more detailed examination of their findings reveals that the

overall effect of treatment on females' response towards the model is marginal

(P=0.08 and 0.052). In their experiment, Goodey & Liley (1986) assigned

newborn guppies to five different components of the chasing experience: (1)

exposure to visual cues only (chemically isolated young exposed visually to

chasing adults), (2) exposure to chemical cues only (visually isolated young

exposed to water from a tank of chasing adults), (3) exposure to all cues (chased

by adults) or (4) no cues (visual and chemical isolation from adults). An

examination of the means and standard errors for these treatment groups (for

females' response towards the model) reveals that the above P-values reflect

differences between all cues and chemical cues (for drop distances), and visual

cues and chemical cues (for freeze times), rather than the predicted all cues or no

cues. The findings of Goodey and Liley (1986) are therefore inconclusive and

suggest that conspecific chasing has little effect on the response of guppies

towards a model predator.

The relatively short exposure periods in this study (3x15 minutes) may

not have been sufficient to elicit an improvement in anti-predator skills. Indeed,

no change in anti-predator behaviour was observed over the three consecutive

exposures. Studies demonstrating that salmon smolts can modify their behaviour

following a predator-experience have used training periods of 48 hours and re-

tested fish either immediately after, or within 24 hours of exposure (Patten 1977;
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011a & Davis 1989; Jarvi & Uglem 1993). In addition, a chasing adult is likely to

represent a different type of predatory threat than Rivulus and an improvement of

skills as a result of experience with the former may not have advantaged the

guppies when faced with a novel predator.

The finding that predator-exposed newborn guppies took longer to catch

than their (arena-experienced) naive counterparts suggests that guppies tailored

their escape skills in response to the immediate threat. This is consistent with the

threat sensitivity hypothesis (Helfman 1989), which predicts that prey grade their

anti-predator response according to the magnitude of the threat. Previous work has

suggested that guppies are able to adjust their response according to the hunger

(Licht 1989) of the predator.

Following the six-week rearing period, guppies allocated to the control

group were larger than those in the arena-experience group. It is possible that early

disturbance to these fish may have affected their growth rate. For example,

exposure to predator cues has been shown to induce developmental changes in the

morphology of crucian carp (Carassius carassius, Bronmark & Miner 1992).

Flowever, there was no significant difference in body size between fish in the

control and predator-experience groups so this explanation seems unlikely.

Unintentional differences in the amount of food provided may therefore have

caused this effect.

3. Early experience and anti-predator behaviour | 71



The findings of the previous chapter (two) revealed that laboratory-reared

guppies from a high-predation locality displayed reduced anti-predator skills in

comparison to their wild counterparts. The sample sizes chosen for the current

study were based on the assumption that the laboratory-reared fishes' lack of

experience with chasing conspecifics contributed towards these differences.

However, a post-hoc calculation of the statistical power of the ANOVAs

performed in this study reveals that these tests were unlikely to detect true

differences among the treatment groups (power values range between 0.05 and

0.44). The differences in anti-predator behaviour observed in the previous chapter

(two) therefore cannot be attributed to experience with conspecifics alone.

However, variation in the behaviour of Rivulus may have introduced a significant

source of between-trial variation, causing a higher variance in anti-predator

behaviour to be observed. For example, Seghers (1973) found that trials with a

live pike cichlid (Crenicichla cilta) were unsuccessful; the predator's behaviour

was unpredictable and caused high variation in the anti-predator response of

guppies.

The results from this study suggest that experience with adult conspecifics

does not contribute towards the development of anti-predator behaviour in

guppies. Learning about predators may occur at a later stage of development when

guppies come in to contact with larger predators such as Crenicichla alia (see

general discussion, chapter seven). Acquiring information about predators may

also involve more complex processes such as exposure to chemical cues,

reinforcement and social learning. The ability of naive guppies to learn an
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enhanced anti-predator response through interacting with more adept conspecifics

is the topic of the next chapter (four).
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Chapter 4

Can anti-predator behaviour in guppies be enhanced

through social learning?

Abstract

The ability to recognise and respond to predators often has a learned component,

but few studies have examined the role of social learning in the development of

anti-predator behaviour. The aim of this study was to determine whether wild-

caught juvenile guppies (.Poecilia reticulata) from a low-predation river in

Trinidad increase their response towards a (novel) model predator through

association with high-predation conspecifics. The fish were assigned to one of

three treatment groups: (1) repeated exposure to a model accompanied by high-

predation conspecifics, (2) repeated exposure to a model with low-predation

conspecifics, (3) a control group in which focal fish interacted with high-predation

fish in the absence of the model. The results revealed that the guppies trained with

high-predation 'demonstrators' significantly improved their anti-predator

behaviour (spent more time schooling, performed more inspections, and inspected

the model from a greater distance). Fish that encountered the model predator with

low-predation conspecifics also increased their anti-predator response but this

behavioural shift was not statistically significant. The guppies assigned to the
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control group exhibited no significant improvement in anti-predator behaviour

following the training period, suggesting that association with experienced

conspecifics in the absence of the model is not sufficient to enhance the anti-

predator behaviour of nai've fish. These results therefore indicate that guppies can

improve their anti-predator behaviour through association with more experienced

conspecifics in the presence of visual cues simulating high predation risk.

Introduction

Social learning, where individuals learn novel behaviours through observation of,

or interaction with, conspecifics (Box 1984), plays a major role in the

development of behaviour in several animal species (Zentall & Galef 1988; Heyes

& Galef 1996; Box & Gibson 1999). Learning from conspecifics allows

individuals to acquire information about their environment without incurring the

costs (e.g. time and energy, risk, etc.) associated with learning novel behaviours

themselves (Laland & Williams 1997). For example, information transfer among

individuals may occur when the behaviour of certain individual(s) directs the

attention of naive observer(s) towards a particular locality within the environment

(termed 'local enhancement'). Animals can also modify their behaviour as a result

of observing a conspecific responding (e.g. fearfully) toward a stimulus (termed

'observational conditioning', see Galef 1988 for definitions). Such mechanisms

can often lead to improvements in foraging and vigilance behaviours, as observed

in bird flocks (Bertram 1978) and shoaling fish (Pitcher & Parrish 1993).
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Many species of fish have provided excellent examples of social learning.

For example, coral reef fish exhibit consistent mating site preferences and

migration routes that are transmitted socially through the population (Helfman &

Schultz 1984; Warner 1988). Guppies, which have been particularly well studied

in this respect, are capable of mate-choice copying (Dugatkin & Godin 1992b) and

learning foraging routes from conspecifics (Laland & Williams 1997).

Additionally, numerous studies have demonstrated the importance of learning in

the development of anti-predator skills. For example, fish that survive an attack

with a live predator can be advantaged during subsequent encounters (Patten

1977; Olla & Davis 1989; Jarvi & Uglem 1993). Less dramatic experiences, such

as exposure to predator models (Magurran 1990b), film or picture images (Dill

1974), and the experience of being pursued (Tulley & Huntingford 1987;

Huntingford & Wright 1993) can also elicit learned avoidance behaviour in fish.

Fishes have also been shown to acquire information about predators by

observing the behaviour of experienced conspecifics reacting to predator odours

(Mathis et al. 1996). However, the role of visual cues in learning of anti-predator

behaviour in fishes is less well understood. Magurran & Higham (1988) found that

minnows modified their behaviour after observing conspecifics react to a model

pike even though they could not themselves see the predator. However, no study

has used visual cues to investigate the social transmission of anti-predator

behaviour in fish. The use of social learning to train fish to recognise novel

predators has been suggested as a way of improving the post-release survival of

hatchery-reared fish (Suboski & Templeton 1989; Brown & Laland 2001).
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In many species, individuals show natural variation in behaviour across

their geographical range (Foster & Endler 1999) and the conditions experienced

by one population may be unfamiliar to another. A good example is provided by

the guppy (Poecilia reticulata), a species of poeciliid fish that exhibits population

differences in anti-predator behaviour according to local predation regime

(reviewed by Endler 1995). In Trinidad, guppies inhabit streams that can be

categorised according to predation pressure (Magurran et al. 1995). Fish

inhabiting upstream populations typically experience low levels of predation in

relation to their downstream counterparts. As a consequence, high predation fish

spend more time schooling and exhibit better-developed anti-predator behaviour

(notably schooling and predator inspection) than low-predation fish (e.g.

Magurran & Seghers 1994a). Such population differences provide an invaluable

opportunity to investigate whether skills inherent in one population can be learned

by another, without the need to train demonstrators or use stimuli that may not be

biologically meaningful.

The aim of the study was to investigate whether guppies from a low-

predation population could leam appropriate anti-predator responses toward an

unfamiliar predator model. Focal fish were grouped with either two high- or two

low-predation conspeciflc demonstrators and their behaviour was recorded before

and after three consecutive exposures to a model predator. Guppies were assigned

to one of three treatment groups: (1) repeated exposure to the model with high-

predation demonstrators; (2) repeated exposure to the model with low-predation

demonstrators; (3) interaction with high-predation demonstrators in the absence of
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the model. It was predicted that low-predation guppies would learn through

repeated experience with the novel predator, but that the improvement would be

greater in fish trained with high-predation demonstrators. Furthermore, it was

anticipated that association with high-predation fish in the absence of the model

(stimulus) would not cause a change in the behaviour of low-predation fish. The

proportion of time spent schooling and inspecting, inspection frequency, and the

distance approached to the predator during inspection, were used as measures of

anti-predator behaviour (Magurran et al. 1995) as these behaviours differ naturally

among the populations tested (Magurran & Seghers 1994a).

Methods

Origin of experimental fish and their maintenance

Sexually immature guppies (ca. 6 weeks) were collected from the low predation

Tunapuna (N=150) and high predation Tacarigua (N=60) Rivers (Trinidad

national grid references: PS 759 797 & PS 787 804 respectively) in February

2002. Guppies inhabiting the Tacarigua River occur sympatrically with several

cichlid (e.g. Crenicichla alta, Aequidens pulcher) and characid (e.g. Hoplias

malabaricus, Astyanax bimaculatus) fish predators (Magurran & Seghers 1994b).

The cyprinodont Rivulus hartii is the only fish predator occurring in the Tunapuna

River. The fish were placed in large, visually isolated aquaria (120 x 45 x 45cm,

filled to a depth of 25cm) and fed a diet of commercially prepared flake food

twice daily. Aquaria were aerated and contained a small filter. Illumination was

provided by 40W overhead fluorescent strips set on a 12-hour light/dark cycle and
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temperature was maintained at 25 ± 1°C. Fish were allowed to acclimate to

captive conditions for a minimum of 5 days before taking part in the experiment.

Experimental apparatus

Five replicate aquaria (45 x 30 x 30cm, filled to a depth of 20cm), containing an

air filter, a layer of pebbles and a small amount of aquatic weed (Elodea sp.), were

used for observations. Each tank contained two 33cm long (1,2cm diameter)

wooden poles, fastened on each side of the tank with a bulldog clip. Monofilament

line was tied taut between the poles (2.7cm from the bottom of the tank). In the

treatment tanks, a realistic hand painted pike-shaped model predator (90mm long,

17mm deep, 14mm wide; similar to that shown in Fig. 1,4b of chapter one) was

suspended on the line using loops attached to the model's dorsal surface (see Fig.

4.1a & b). Before embarking on the field trip, several potential predator models

were tested (on wild-caught and first generation captive born guppies) and the

model ('Terminator', a fishing lure from Abu Garcia products, Spirit Lake, LA)

that elicited the strongest anti-predator behaviour was selected (Kelley, J.L. &

Evans, J.P., unpublished results). This model bore a resemblance (in shape and

body markings) to the pike cichlid (Crenicichla alta), an important guppy predator

in the Tacarigua River (Magurran & Seghers 1994b). Preliminary trials confirmed

that high-predation (Tacarigua) guppies were more wary of the model than low-

predation (Tunapuna) fish (see Chapter two). Two additional lengths of

monofilament line were tied onto hooks at the anterior and posterior ends of the

model and each was threaded through a loop at the base of each pole (1,5cm above

the substrate). The lines were then passed out of the tank so that the model could
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be manoeuvred back and forth from behind a blind. To present the model in a

realistic manner, a 'hide' of PVC tubing (length = 8.9cm, diameter=2.8cm),

through which the monofilament lines were passed, was constructed. The hide was

darkened inside and out using black waterproof tape and further disguised by

covering it with a layer of pebbles. A second 'refuge' was provided for the

predator model by anchoring a small amount of weed to a rock and placing this at

the centre of each observation tank (see Fig. 4.1). The apparatus were designed so

that in half of the trials the predator emerged from a hide at the front right of the

observation tank, and half from the front left of the tank. The tanks used for the

control treatment (see below) contained identical apparatus (including refuges) but

no predator models. In these tanks only the monofilament line was moved through

the tank.

Experimental protocol

The experiment was designed to determine whether juvenile guppies from a low

predation population could leam enhanced anti-predator responses towards a

model predator from experienced (high predation) demonstrator fish, and

furthermore whether repeated exposures to the models influenced subsequent

patterns of anti-predator behaviour in the learner fish. Each trial consisted of a

'before' assessment of anti-predator behaviour (conducted on the afternoon of day

1), a training period involving three successive exposures to a model predator

(morning of day 2), and an 'after' assessment of behaviour (afternoon of day 2).

During the before and after trials, the behaviour of the focal fish was observed in

the presence of a static model, which was introduced from above. In the training
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trials, the model emerged from a hide and moved in a threatening manner through

the tank. These differences in model presentation were to control for the

possibility that fish became habituated to the manner in which the stimulus was

presented (Mathis et al. 1996). All trials were performed in the observation tanks

described above. The possibility of pseudoreplication was reduced by selecting at

random one of four replicate models for each trial (Kroodsma et al. 2001) and by

randomly assigning each of the experimental aquaria with respect to treatment.

Baseline behaviour ('before' trials)

On the first morning of the trials, a 1.5L plastic bottle (transparent and punctured

to allow visual and olfactory cues to pass) was placed in each observation tank.

Two juveniles from the Tunapuna River were then added to each bottle to

simulate a 'school' with which the test fish could associate (Magurran et al. 1992).

One side of each bottle was covered with a black plastic blind to prevent members

of the school from seeing the model predator when it was introduced into the test

arena. Fish used for the school were taken randomly from a pool of 30 fish that

were housed separately and not used for any other part of the experiment. After

allowing the school to settle for 10 minutes, one fish from the Tunapuna stock

tank was gently added to each observation tank and allowed to acclimate for one

hour. Following this acclimation period, anti-predator behaviour was stimulated

by gently lowering one of the replicate model predators into the observation tank

(Fig. 4.1a). The model was suspended on monofilament line from a pole placed

across the top of the tank and orientated towards the school (Fig. 4.1a).
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Fig. 4.1 Anti-predator behaviour of juvenile guppies was recorded
before, during, and after a series of 3 training sessions. During the
before and after assessment of behaviour (a), a school (S), comprising
2 low-predation fish was used to stimulate predator-inspection
behaviour in the focal guppy (F, also low-predation). Anti-predator
behaviours were recorded for 10 minutes toward a static model

predator (P). During the 5-minute training sessions (b), the focal fish
was presented with 2 demonstrators (D), from either a high- or low-

predation population. The model, operated by the observer using
monofilament line (L), was made to emerge out of its hide (H),

approach the refuge (R), and 'stalk' the fish in a realistic manner. Anti-

predator behaviour of the focal fish was recorded as in (a).
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Behavioural observations commenced as soon as the model was in

position. During a 10-minute period, the following anti-predator behaviours were

recorded: (1) the amount of time the focal fish spent schooling, (2) the time spent

inspecting, (3) the frequency of inspections, and (4) the closest distance

approached to the model during an inspection event. Schooling time was

measured by recording the proportion of time that the focal fish spent within three

body lengths of the school (a conservative measure of schooling, Griffiths &

Magurran 1998). During an inspection event, the focal fish remained in visual

contact with the predator whilst it slowly swam or 'glided' towards it (Seghers

1973). Often, the focal fish swam in a series of 'arcs' whilst inspecting the side of

the predator's body. The time inspecting was estimated as the duration the focal

fish remained visually fixated on the model predator; inspection events were

separated by the fish returning to the school. Lines drawn on the front of the tank,

in conjunction with the markings on the model itself, made it possible to estimate

the closest distance approached by the focal fish (during each 10-minute trial).

Inspecting fish typically approached the tail of the predator most closely, whilst

clearly avoiding the area in front of the mouth (termed 'attack cone avoidance',

George 1960). At the end of the 'before' trial, both the model and the bottle

containing the school were gently removed. The school fish were returned to their

designated tank and the test fish were allowed to settle for 10 minutes.
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Training

Following the initial observation period on day 1, focal fish were assigned at

random to one of three treatment groups: (1) High Predation Experienced (HPE),

in which the focal fish underwent a 'training' period in the presence of a predator

model and two high-predation demonstrator fish; (2) Low Predation Experienced

(LPE), where the focal fish was exposed to the model in the presence of two low-

predation (Tunapuna) fish; (3) a control group, hereafter termed High Predation

Naive (HPN), in which the focal fish underwent the training period in the presence

of two high-predation demonstrators but no predator model. In each trial, the two

demonstrator fish were gently placed into each observation tank containing the

focal fish. In all cases the demonstrator fish were unfamiliar to the focal fish. In all

treatment groups, demonstrator fish were carefully selected to be slightly larger

than the focal fish (whose behaviour was recorded in the 'before' trial) so that

demonstrators and learners remained distinguishable throughout the trials. The

fish used as demonstrators were an average of 3mm larger than focal fish

(demonstrator: mean length=22.7mm, SD=1.64mm; focal: mean = 19.6mm,

SD=1.77mm). These size differences were consistent across the three treatments

(one-way ANOVA on differences, F2,57=1.41, P=0.25). All fish were fed and left

to acclimate overnight.

The following morning, the three fish in each observation tank underwent

three 5-minute training periods. The three consecutive trials were temporally

separated by a minimum of 45 minutes, or until the focal fish was settled

(maximum 125 minutes between successive trials). Each trial commenced as soon
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as the predator model's snout had been manoeuvred out of the hide. Movements

of the model were designed to be realistic and threatening, in order to invoke a

fear response (e.g. increased schooling). The model was moved backwards and

forwards (distance = 30 ± 5cm) through the tank three times during each training

episode. During each training session, the same measures of anti-predator

behaviour (described above) were recorded for the focal fish. In the control group

(predator model absent), the monofilament line was pulled back and forth (i.e. as

in the other treatment groups) and schooling behaviour was measured during each

of the three sessions. At the end of training, the demonstrator fish were removed,

measured (total length to the nearest mm) and returned to their stock (high-

predation Tacarigua fish) or post-experimental tanks (low-predation Tunapuna

fish). Tunapuna demonstrators played no further part in the experiment as they

may have altered their behaviour as a result of exposure to the predator. To reduce

the number of fish required for the experiment, Tacarigua fish were reused (from a

stock of 60). Although the possibility that high-predation fish became habituated

to the model through repeated exposure could not be excluded, this is less likely to

occur toward a strong stimulus (Hinde 1966) and would act to lessen the

differences between the experimental groups (thus making the results more

conservative).

Post-training test ('after' trials)

Focal fish were allowed to settle for 10 minutes after the final training trial before

a bottle containing two school fish was lowered into the tank. After one hour,

schooling and inspection behaviours by the focal fish were recorded using exactly

4. Social learning of anti-predator skills ] 85



the same protocol as the baseline ('before') trials, to provide a measure of anti-

predator behaviour following the training period. The total length of focal fish was

then recorded (± 1mm) before placing them in post-experimental aquaria. All

observations were conducted behind a black cloth blind hung in front of all the

observation tanks. A series of peepholes cut into the blind ensured minimal

disturbance to the fish during observations. At the end of the experiment, fish that

had been observed in mixed population groups (i.e. HPE and HPN) were kept as

laboratory stock, whereas those treated separately (LPE) were checked for signs of

disease before being returned to the Tunapuna River at the exact point of

collection.

Data Analysis

Data were transformed (angular transformation for proportional data, and log+1

for frequency and approach distance data) in order to meet the assumptions of

normality and homogeneity of variance required by ANOVA tests. Repeated-

measures ANOVA was used to compare anti-predator behaviour between and

within each treatment group (HPE, LPE & HPN). Thus tests were performed for

the three consecutive periods during training and for the comparisons between

baseline (i.e. before) and the 'after' behavioural trials. Multiple comparisons were

adjusted using the Dunn Sidak method (Sokal & Rohlf 1995). All statistical tests

are two-tailed and were performed using SPSS 10.1.4 software.
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Results

Training

There were significant differences in the proportion of time that fish spent

schooling between the three treatment groups (repeated-measures ANOVA: F2,

57=22.04, P<0.001). Guppies exposed to the predator model in the presence of

high-predation demonstrators (HPE group) spent significantly more time

schooling than those treated with low-predation fish. Those housed with high-

predation fish that had not been exposed to a predator (HPN) exhibited the

shortest schooling times (pairwise comparisons with Dunn Sidak adjustment,

P<0.05, Fig. 4.2a). Within each treatment, schooling behaviour did not differ

significantly between the three exposures and there was no significant interaction

between treatment and the successive exposure periods (F2> 57=0.78, P=0.46; F4j

57=0.94, P=0.44 respectively).

There were no differences in the inspection time or inspection frequency

between the treatment groups (F2,32=8.3, P=0.98; Fp6o=0.22, P=0.64 respectively)

and no interaction between treatment and exposure period (time: F2> 32=0.20,

P=0.82; frequency: F2i6o=0.08, P=0.92). Inspection time (F2,32=8.3, P=0.001, Fig.

4.2b), but not frequency (F2,60=0.82, P=0.44, Fig. 4.2c) differed significantly

between exposures; focal fish spent more time inspecting the model during the

first exposure than in subsequent exposures (pairwise comparisons, P<0.05).

There was no overall effect of treatment on the approach distance of fish

trained with high- and low-predation demonstrators (Fi; i4=3.89, P=0.07).
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However, changes in approach distance were observed during repeated exposures;

fish from both treatments (HPE and LPE) inspected the model more closely during

their first encounter than during the last exposure period (ANOVA: F2,14=7.59,

P=0.002, pairwise comparisons, P<0.05, Fig. 4.2d). There was no significant

interaction between treatment and trial number (F2,14=0.57, P=0.57).

Before/After Differences in Behaviour

The between treatment group comparisons for the before and after observations of

anti-predator behaviour revealed no effect of treatment on schooling (repeated-

measures ANOVA: F2,57=1-86, P=0.17) and no interaction between the factors

(F2,5 7=0.19, P=0.82). However, within treatment groups, training had a significant

effect on schooling response (Fi>57=1 1.28, P=0.001). Pairwise comparisons

revealed that guppies assigned to the HPE group significantly increased schooling

times after the training period (paired t-test: t2]=2.7, P=0.013; Fig. 4.3a). Fish

trained with low-predation tutors (LPE) also tended to school more following

repeated exposures to the predator model but the difference was non-significant

(paired t-test: ti4=1.57, P=0.14).

The effects of treatment on inspection time (F2> 57=3.27, P=0.045) and

inspection frequency were marginal (F2i56=3.00, P=0.058) and there was no

interaction between the factors for either behaviour (F2,57=1.13, P=0.33; F2j

56=1.17, P=0.32). There was a significant within-group effect on inspection time

(Fi, 57=4.78, P=0.033), but pairwise comparisons were not significant following a

Dunn Sidak adjustment (Fig 4.3b). Inspection frequency was significantly higher
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following training (Fi,56=12.04, P=0.001); pairwise comparisons revealed that this

effect was only significant for fish in the HPE group (paired t-test: t2i=2.89,

P=0.009; Fig. 4.3c).

There was no effect of treatment on closest approach distance (F2)23=3.12,

P=0.063) and no interaction between factors (F2,23=1.46, P=0.25). There was a

significant effect of training (Fi>23=6.51, P=0.018) and fish in the HPE group

inspected the model from a greater distance following training (t9=4.28, P=0.002;

Fig. 4.3d). No change in approach distance behaviour was observed for fish

assigned to the LPE (t9=0.87, P=0.41) or HPN (t5=0.60, P=0.57) groups.
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Fig. 4.2 Percentage time spent schooling (a), inspecting (b), inspection

frequency (c), and minimum/closest approach distance (d), of low-
predation guppies presented with a moving cichlid model. Fish were

trained with either 2 high- (HPE) or 2 low-predation (LPE)
demonstrators and experienced 3 exposures, each of 5-minute
duration. The schooling behaviour of guppies grouped with high-

predation demonstrators but that did not experience the predator (HPN)
is also shown (a only). Graphs show means ± s.e., N=22, 15, 23 for

HPE, LPE and HPN respectively.
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Fig. 4.3 Schooling (a), approach distance (b), inspection frequency (c),
and minimum/closest approach distance (d), measured before (open

bars) and after (filled bars) training in either predator-exposed (HPE, LPE)
or predator-naive (HPN) treatment groups. Anti-predator behaviour was

stimulated using a static model cichlid and none of the tutors used during

training was present. HP and LP groups were trained with high- and low-

predation tutors respectively. Graphs show means ± s.e. Significant
differences in before-after behaviour following Dunn Sidak correction are

shown by asterisks.
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Discussion

These results show that guppies from a low-predation river learnt an enhanced

anti-predator response when exposed to a (novel) simulated predation hazard in

the presence of more experienced (high-predation) conspecifics. There were no

significant differences in the behaviour of low-predation guppies trained with

members of their own population. However, these fish altered their inspection

behaviour and approach distance over successive training trials, and tended to

school and inspect more after training, suggesting that experience of the group

also contributes to the development of these behaviours. During training,

schooling and inspection behaviours of the focal fish were influenced by the

population origin of their tutors. Guppies therefore responded directly to the

behaviour of their shoal mates, as well as to the predator model itself. Fish not

exposed to the model showed no differences in behaviour following training.

During the training trials, the focal fish that associated with high-predation

(HP) demonstrators spent more time schooling, performed more inspections, and

inspected the model from a greater distance than their counterparts with low-

predation (LP) demonstrators. The observation that differences in schooling and

inspection distance were evident during the first predator exposure suggests that

the guppies coordinated their behaviour with that of their HP tutors. Changes in

the behaviour of the HP fish (such as increased nervousness and skittering) may

have alerted the LP guppies to the presence of the novel predator and caused them

to exert more caution than they would otherwise have shown. The observation by

Dugatkin & Alfieri (1991), that guppies monitor the behaviour of conspecifics
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more closely in the presence of a predator, may have facilitated this. Other anti-

predator tactics of shoaling fishes, such as the flash expansion and fountain effect,

further illustrate how individuals react to the response of their neighbours rather

than to the predator itself (Pitcher & Parrish 1993). These apparently synchronous

manoeuvres, which also occur in bird flocks, have been termed Trafalgar (Webb

1980; Treherne & Foster 1981) and chorus line effects (Potts 1984).

Although guppies from different predation regimes are unlikely to

associate in the wild, similar processes of information transfer may take place

between shoal mates exhibiting more subtle differences in behaviour. For

example, the tendency for information to be transmitted between members of the

group may depend on the relative experience of different individuals. This

scenario assumes that guppies are able to differentiate between experienced and

nai've individuals. Indeed, there is evidence that fish have the cognitive ability to

recognise and associate with individuals differing in skills such as foraging ability

and predator-inspection behaviour (see Dugatkin & Wilson 1993). For example,

both guppies (Dugatkin & Alfieri 1991) and sticklebacks (Milinski et al. 1990)

choose to associate with particular individuals according to their previous

inspection behaviour. A variety of other traits that influence partner choice, such

as familiarity, body size and sex (Dugatkin & Sih 1995), can also affect the rate of

learning (Reader & Laland 2000; Swaney et al. 2001). Information transfer within

wild shoals is therefore unlikely to be random, but directed between certain

individuals (Coussi-Korbel & Fragaszy 1995). Whereas novel behaviours may be

transmitted relatively quickly among members of a shoal that encounter a predator
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simultaneously, transfer of skills between groups would depend on the fidelity of

shoal members. It would be interesting to establish whether the ability to respond

more cautiously to a novel predator can be transmitted to a new, nai've individual

(i.e. where the observer becomes the demonstrator). This 'transmission chain'

approach (pioneered by Curio et al. 1978) can be used to investigate how novel

behaviours are transmitted through the population.

Several studies on guppies have demonstrated that population differences

in schooling behaviour persist in fish reared in the laboratory (in the absence of

predators) (Seghers 1973, 1974; Breden et al. 1987). However, these studies

examined the tendency of fish to form cohesive groups in the absence of any

predatory threat. The findings of Chapter two suggest that population differences

in response to particular predator species are not retained in laboratory-reared

guppies. Population differences may therefore arise from variations in the

proportion of the repertoire that is inherited, and that which is learned. Previous

studies on minnows (Magurran 1990b) and sticklebacks (Huntingford & Wright

1993; Huntingford et al. 1994) have demonstrated that fish from high-risk

populations exhibit a greater predisposition to learn novel behaviours than their

counterparts from low-risk sites. It would be interesting to investigate whether a

similar pattern arises in guppy populations.

Although the results from this study suggest that interacting with more

experienced inspectors may benefit nai've guppies in the short term, further

research is required to investigate the persistence of the improved response.
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Previous studies suggest that the longevity of learned behaviours can be highly

variable. Whereas the inspection rate of minnows persisted for two years

following an experience with pike (Magurran 1990b), Siberian polecats failed to

show a response 30 days after training with a predator (Miller et al. 1990). For

some behaviours, repeated experience (reinforcement) may be required for the

novel response to be retained, yet few studies have investigated this possibility

(see Griffin et al. 2000). Another interesting question arising from this study is

whether the learned response can be generalised to similar shaped predators, or,

whether it is specific to the particular model used and the manner in which it was

presented (Mineka & Cook 1988). A recent study by Griffin et al. (2001)

demonstrated that the anti-predator behaviour of tammar wallabies, Macropus

eugenii, could be enhanced by presenting them with a model fox, Vulpes vulpes,

in association with an aversive experience (a human simulating capture).

Interestingly, the authors found that the trained wallabies generalised their

acquired response toward a cat (Felis catus), but not a goat (Capra hircus). Their

results suggest that the expression of learned behaviours is not context specific but

may involve predispositions for particular cues.

Species in which anti-predator behaviours are largely learned are likely to

have poor skills when reared in environments in which predator cues are absent,

for example in captivity. There is evidence that deficiencies in anti predator

behaviour effect the survival of reintroduced animals (see Snyder et al. 1996).

Furthermore, it has been suggested that hatchery and zoo practices might exploit

species' natural learning abilities to 'teach' animals skills required for survival in
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the wild (Suboski & Templeton 1989; Griffin et al. 2000; Brown & Laland 2001).

The results presented here suggest that fish can learn to respond to novel stimuli

simulating predation risk, and that learning of some behaviours may be facilitated

by the presence of more experienced conspecifics.

Data from this chapter have been accepted for publication in Animal Behaviour: Kelley, J.L.,
Evans, J.P., Ramnarine, I.W., Magurran, A.E. Can antipredator behaviour in guppies be enhanced
through social learning? J.P. Evans assisted with experimental design and preparation of the
manuscript and I.W. Ramnarine provided laboratory facilities.
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Chapter 5

Effect of environmental structure on the behaviour of wild

and captive-bred Ameca splendens

Abstract

Captive breeding and reintroduction is an important strategy for conserving

populations of endangered species. However, adaptation to the captive environment

(domestication) can result in a divergence of wild and captive phenotypes that can

limit the success of reintroductions. The aim of this study was to investigate the

effects of environmental structure and captive breeding on the behaviour of Ameca

splendens, an endangered species of Mexican fish. A stock of A. splendens has been

maintained at London Zoo aquarium for 30 years as part of a captive breeding

program. The study was split into two sections: first, the foraging, courtship and

aggressive behaviour of wild A. splendens in their natural habitat was compared to

that of their captive-bred counterparts at London Zoo; second, the aggressive

behaviour and habitat use of wild and captive-bred fish in structured and unstructured

aquaria was examined. The observations performed in Mexico and London Zoo

revealed that wild fish were preoccupied with searching for food whereas captive fish

engaged in more aggressive interactions. Environmental structure had no effect on the

behaviour or habitat use of captive or wild fish. However, further observations

revealed that captive fish were more aggressive in the structured habitat when

observed at a higher density. Overall, captive-bred A. splendens were more aggressive
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than wild fish in both tank environments, suggesting that captive environments can

promote the development of aggressive behaviour.

Introduction

Captive breeding is a conservation strategy that is widely used for the recovery and

reintroduction of endangered species. However, adaptation to the captive environment

(domestication) may result in the divergence of captive animals from their wild

counterparts. Genetic changes can occur through the processes of inbreeding and

random drift but also through alterations in natural and sexual selection (Price 1988).

For example, natural selection may favour traits that are advantageous in captivity but

maladaptive in the wild (e.g. tameness Kohane & Parsons 1988). Likewise, the

intensity of sexual selection may be reduced, or even absent in animals (e.g. salmon)

that are artificially selected for breeding. Furthermore, captive environments are likely

to differ substantially from wild habitats, causing differences in behaviour (and/or

morphology) to occur as a result of phenotypic plasticity. Consequently, captive-bred

species often exhibit deficiencies in foraging, predator avoidance and reproductive

behaviour, which can present major difficulties when attempting to restore wild

populations (e.g. Griffith et al. 1989; Fleming 1994; Snyder et al. 1996).

Salmonid fishes provide a good example of the effects of captive breeding on

behavioural and morphological traits. Salmonids are among the most intensively

cultured organisms and are hatchery-reared in order to supplement declining wild

populations (Fleming et al. 1996). However, artificially propagated salmon are

inferior to their wild counterparts in terms of both behavioural (e.g. nest defence,

competitive ability), and morphological (e.g. less developed hooked snouts)
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reproductive traits (Fleming & Gross 1993; Fleming & Gross 1994; Fleming et al.

1994). Artificial selection (e.g. for enhanced growth) is likely to have significantly

contributed to these effects (reviewed by Pettersson et al. 1996). In addition, several

studies have demonstrated the importance of ontogenetic experience in the

development of behaviour in salmonids. For example, naturally reared Atlantic

salmon (Salmo salar) display enhanced reproductive and migratory behaviour

compared to genetically similar hatchery-reared fish (Jonsson et al. 1990; Fleming et

al. 1997). Similarly, the superior foraging ability of wild brown trout (Salmo trutta)

over hatchery-reared fish is likely to be a result of the formers' previous experience

with live prey (Sundstrom & Johnsson 2001).

Zoos are becoming increasingly involved in captive breeding projects for

endangered fishes (Andrews & Kaufman 1994). Surprisingly, however, no study has

examined whether captive rearing practices result in behavioural differences between

wild and captive-bred fishes. Although artificial selection is likely to be less intense in

zoo aquaria than commercial hatcheries, behavioural differences between captive fish

and their wild counterparts may still arise. For example, captive rearing practices may

inadvertently select for enhanced boldness or a reduced response to stress (Kohane &

Parsons 1988). Enclosures that do not provide the relevant stimuli for the expression

of specific behaviours may also result in behavioural discrepancies between wild and

captive animals (Price 1999). Increasing environmental complexity ('enrichment') is a

popular method of improving the welfare of zoo and other captive animals, and has

been shown to reduce the expression of atypical behaviours (reviewed in Shepherdson

1994; Wielebnowski 1998). In fishes, steelhead trout (Oncorhynchus mykiss) reared in

'naturalised' tanks display enhanced competitive ability compared to trout reared in

5. Captive breeding & environmental structure | 101



conventional tanks (Berejikian et al. 2000). The effect of the environment on

behaviour is confounded by other factors such as feeding regime and density; for

example, the frequency of aggressive interactions observed in fishes is often density-

dependent (Ruzzante 1994).

Loss of habitat, pollution and the introduction of non-native species have

resulted in freshwater fish becoming one of the most endangered animal groups

(IUCN 2000). For example, it has been estimated that 50 percent of all species of

Mexican freshwater fish are threatened (Almada-Villela 1990). One particularly

vulnerable family is the Goodeidae. Goodeids are endemic to freshwater habitats in

the High Plateau (915-2130m) of Central Mexico, where they inhabit a variety of

water bodies ranging from warm springs and streams to ponds, lakes and roadside

ditches (Miller & Fitzsimmons 1971). They are the only group of freshwater fish to

show true viviparity and the young are nourished via unique ribbon-like structures

known as trophotaeniae (Turner 1933; Turner 1937). Of the 36 species currently

recognised (Webb et al., submitted), ten are on the IUCN (2000) red list of threatened

animals, eight are in the critically endangered, endangered, or vulnerable categories,

one is extinct, and two are listed as extinct in the wild (but see De la Vega-Salazar et

al., submitted). The main threats to the family are habitat loss, due to urbanisation and

an increasing demand for water for human consumption, and pollution, arising from

agricultural and industrial processes (Lyons et al. 1998). At the start of the 19th

century, the Mexican government implemented a large-scale introduction of carp

(Cyprinus carpio), to provide food for rural areas. This intensified during the 1930s

with the introduction of bass (Micropterus salmoides), and in the 1970s with the

culture of tilapia (Oreochromis spp.) (Zambrano & Macias Garcia 2000). These
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introductions may also have contributed to the decline of goodeids (De la Vega-

Salazar & Macias Garcia 2002).

In 1960 and 1961, 12 Ameca splendens (six males and six females) were

collected from the wild and bought to London Zoo as part of a captive breeding

program. Since 1996 this species of goodeid has been declared extinct in the wild

(Contreras-Balderas, S. & Almada-Villela, P., IUCN 1996). However, in 1997 (A.

Moyaho, unpubl. data) it was rediscovered living in springs at a water park (El

Rincon) near the town of Ameca, though it is not known whether this population was

founded by reintroduced aquarium fish. A. splendens is sexually dimorphic with males

exhibiting larger fins and a deeper body than females (see Fig. 1.5a of chapter one).

Furthermore, mature males possess bright yellow terminal bands and black sub-

terminal bands, on the caudal fin, and (to a lesser extent) the dorsal and anal fins

(Miller & Fitzsimmons 1971). Although the behaviour of A. splendens has not been

formally described, elaborate courtship displays and female choice have been reported

in several other goodeid species (Xenotoca spp. Fitzsimmons 1972; Girardinichthys

multiradiatus Macias Garcia 1991).

The aim of this study was to investigate whether long-term captive breeding of

Ameca splendens results in behavioural differences between wild and captive fish.

First, the foraging, courtship and aggressive behaviours of fish observed in the wild

were compared with those in captivity at London Zoo. Second, the aggressive

behaviour and habitat use ofwild and captive-bred fish in structured and unstructured

aquaria was compared. The effect of stocking density on the relationship between
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captive breeding and aggression was subsequently examined by observing captive-

bred fish at a higher density.

Methods

(a) In situ observations

(i) Wild fish

At the El Rincon water park, near the town of Ameca in Mexico (20° 45' N, 103° 50'

W), A. splendens inhabits a series of semi-natural springs: a deep, isolated bathing

pool (surface area = 255m2, 1.6m deep) and three interconnected shallow lagoons

(areas = 418m2, 2180m2, 6730m2; depths = 0.5m, 1.0m, 1.5m respectively) that are

joined to a bathing spring (area = 128m2, 1.0 m deep). Observations were conducted

from a concrete walkway running parallel to the smallest lagoon, allowing the

observer to easily measure the behaviour of individual fish. The substrate of this

lagoon consisted of pebbles and small amounts of algae. In this lagoon, A. splendens

is sympatric with the poeciliids Poecilia sphenops (introduced) and Poeciliopsis

infans, the goodeid Goodea atripinnis, Tilapia (Oreochromis sp.), and a centrarchid

(Lepomis macrochirus). Observations were conducted in May 2001 between 10:00-

15:00. Mean temperature (at 15:00 hours) during this period was 27.6 ± 1°C. Only the

behaviour of mature males was recorded, which were easily distinguishable from

females by the presence of black and bright-yellow bands on the caudal fin (see

above). At the start of each trial, a male was selected at random and his starting

position relative to the observer was marked on the walkway. During a 10-minute

observation period, the frequency of foraging events, courtship interactions (number

of displays and time spent following females) and aggressive encounters (chasing, or

being chased) were dictated into a voice recorder (see Table 5.1 for behavioural
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definitions). The trial was stopped if the focal fish swam out of view within five

minutes of commencing recording, and these data were excluded from the analysis.

During the observation period, a second marker was used to provide an estimation of

the maximum distance travelled by the focal male from his starting position. The

behaviour of 20 males was recorded.

(ii) Captive-bred fish

Observations of captive-bred A. splendens were carried out at London Zoo Aquarium

in July 2001. The fish were housed either in a glass display tank (dimensions = 110 x

40 x 40cm, filled to a depth of 30cm) or an opaque plastic (off-show) holding

aquarium (volume = 445 litres). Both tanks were maintained between 25.5 ± 0.5°C.

The environment in the display tank was highly structured and consisted of a layer of

gravel, three large rocks, a log, and a large amount of aquatic weed. In contrast, the

off-show tank contained only 2 bricks and a small plastic plant. Both groups were fed

a mixed diet of tropical fish flakes, daphnia, bloodworm and Artemia nauplii. The

behaviour of mature males in both aquaria (display and off-show) was recorded over a

10-minute period. During this time, all behavioural interactions involving the focal

male (foraging, courtship activity and aggression) were dictated into a voice recorder

as described above. Males in the display tank were highly territorial and individually

recognisable by their fin colouration. The territory of each male was sketched (relative

to the substrate), his colour patterns noted, and each individual was recorded only

once. Males in the non-display tanks were less distinguishable and did not maintain

territories, but the markings of each male were described in order to avoid observing

the same fish more than once. A total of 32 individuals were observed, 14 in the

display tank and 18 in the off-show tank.
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Table 5.1. Description of behaviours observed in wild and captive bred Ameca

splendens.

Behaviour Definition

Foraging Fish biting/nibbling at water surface or on the substrate.
Intermittent bouts of swimming by the focal fish separate
foraging events.

Male During a display, the male positions himself head down
courtship (45° to vertical) and perpendicular to the female and rapidly
displays quivers the anterior part of his body. This behaviour

(comparable to 'head flicking' reported in male Xenotoca
variata, Fitzsimmons 1972; Fitzsimmons 1976) is similar to
that observed in females, but is performed more
vigorously. During a display, the male sometimes rotates
his body through 180° to display the other flank. This
behaviour does not escalate into the figure-of-eight-dance,
or loop dance, reported in several goodeid species
(Fitzsimmons 1972; Macias Garcia et al. 1994).

Female

response to
male

courtship

Copulation

Aggression/
submission

Females respond to the male's display by 'head
wagging' (Fitzsimmons 1972), in which they perform lateral
movements of the head in quick succession. The female
often assumes a head down position during this time
(angle variable).

The male arches his body toward the female so that the
genital regions are pressed together, and clasps his anal
fin around the female. Both fish then sidle slowly forwards,
separating after <5 seconds.

Dominant males frequently chase subordinates and the
aggressors often exhibit darkened colouration during such
encounters. Submissive males sometimes remain
motionless near the surface and change direction or swim
backwards to avoid the dominant male. Subordinate males

occasionally perform lateral head movements similar to the
females' response to male courtship.

Escalated A behaviour not previously recorded in the Goodeidae
fight is the forward-backward display. It consists of two males

facing each other (~1 body length apart), with their fins
held open. Small forward movements (<5cm) by one male
stimulate backward movement by his opponent. The
opponent then swims forward and the other male retreats.
The two males move back and forth in this manner, without
changing their overall position, for >20 seconds. At later
stages of the fight, the males orientate laterally and nip
each other, performing quick 180° rotations after each nip
(reciprocal biting Macias Garcia & Valero 2001).
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(b) Comparison of behaviour of wild-caught and captive-bred fish in

structured and unstructured environments

(i) Wild-bom fish

Wild A. splendens (20 males and 20 females) were collected from near Ameca in May

2001 and returned to the aquarium at UNAM, Mexico City. Fish were housed in

mixed sex groups (sex ratio ca. 1:1) and fed commercially prepared flake food twice

daily. All holding tanks (dimensions = 50 x 25 x 30cm, filled to a depth of 25cm)

contained an air filter and were illuminated by two aquarium slim-line lights (75 and

20W) on a 12h light/dark cycle. Fish were allowed to acclimate to captive conditions

for 10 days prior to commencing trials. Two larger tanks (dimensions = 100 x 25 x

25cm, filled to a depth of 22cm), each containing an air filter and lit with two 39W

fluorescent slim-line bulbs (65cm from the water surface), were provided for

observations. Water temperature in the aquaria during the study period was 21 ±

0.5°C. A series of markings were drawn on the front of the glass so that each tank was

split into 6 equal-sized areas labelled a-f. One of the tanks (hereafter referred to as the

structured environment) contained gravel, some aquatic weed, and a small shelter

constructed of two red tiles and a stone (Fig. 5.1). The habitat in the structured tank

was sketched in order to aid future reconstruction (see below). The other observation

tank (unstructured environment) was left bare.

On the evening prior to observations, two males (distinguishable by their

colouration) and three females of similar size were placed in each observation tank.

The following day, all fish were fed to satiation and each male was roughly sketched

(to aid future recognition). Behavioural descriptions were made over a period of 10

minutes using a voice recorder (see above). In addition, the position of the male
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within the tank (section a or b or c etc.) was recorded every 30 seconds using the

markings drawn on the front of the glass. This made it possible to estimate habitat use

of the focal males in both tanks. Once all four males had been observed, both sets of

fish (males and females) were gently transferred to the other tank, and left to

acclimatise overnight. A reciprocal design was used so that half the males were

observed first in the structured tank and vice versa.

The following morning males were identified using the sketches made on the

previous day and the behaviour of each male was observed in his new environment

(as described above). This procedure was repeated until the behaviour of 20 males had

been recorded. No male was recorded more than once. At the end of each paired trial,

the total length of each fish was measured to the nearest mm and all fish were

returned to stock aquaria, where they were maintained as breeding stock.

(ii) Captive-bred fish

Captive-bred A. splendens originating from London and Whipsnade Zoos were

transported from London to St. Andrews in July 2001. The fish from Whipsnade Zoo

were derived from the London stock and were used to avoid removing a large

proportion of mature males from the London population. At Whipsnade Zoo, A.

splendens was maintained in a tank containing coral sand substrate, logs, and large

amounts of Java moss (Vesicularia dubyana). At St. Andrews, goodeids were housed

in aquaria (61 x 30 x 38cm, filled to a depth of 33cm) containing a layer of gravel and

an air filter and were maintained in mixed sex groups (ca. 1: 1) at 21 ± 0.5C° (the

temperature at which fish in Mexico were maintained). Observations were conducted

in October 2001 in tanks of the same dimensions, temperature and lighting conditions
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as those used for wild fish. Using the sketch made previously, the habitat structure

(gravel, aquatic weed, and a small shelter, Fig. 5.1) was made as similar as possible to

that provided for the observations of wild fish in Mexico. The behaviour of 16 mature

males was recorded as described above. At the end of the trials, the total length of

each fish was recorded to the nearest mm and the stock was donated to St. Andrews

Aquarium.

Fig. 5.1 Diagram of structured tank used to compare behaviour of Ameca

splendens in structured and unstructured (bare) environments. The tank
contained a layer of gravel, a filter, a central shelter, and a large amount of

aquatic weed.
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(iii) Behaviour of captive-bred fish at high-density

Trials conducted to compare the behaviour of captive-bred fish in a structured and

unstructured tank were repeated using 12 males and five females. The behaviour of

eight individually recognisable males was recorded in both environments, exactly as

described above (section i).

Data analysis

Fish observed in situ (section a) expressed low frequencies of all behaviours; these

data were therefore reported as the percentage of individuals sampled that displayed a

particular behaviour (section a). Data were not normally distributed and therefore

non-parametric statistical tests were used. Wilcoxon's signed ranks tests for matched

pairs were used to compare the behaviour of focal males in structured and

unstructured environments, and Mann-Whitney U-tests were used to test for

differences in behaviour among wild and captive-bred fish (section b). The habitat use

of focal males (i.e. position in the test tank, areas a-e) among structured and

unstructured environments was compared using a Kruskal-Wallis test. This was

performed on the difference in the number of times the focal fish was observed in the

structured and unstructured environment, for each tank section (i.e. frequency of

observations in structured environment-frequency in unstructured, for sections a, b, c

etc.). All tests were two-tailed and performed using Minitab 12.2.1 statistical

software. Significance levels were adjusted for multiple tests using the Dunn Sidak

method (Sokal & Rohlf 1995).
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Results

(a) In situ observations

(i) Wild fish

21.4% of wild goodeids (N=28) were observed feeding from the water's surface and

50% were seen foraging on the substrate. Focal fish were frequently observed

swimming parallel to the walkway in search of food. Fish quickly darted towards

anything falling into the water (e.g. insects) and often engaged in vigorous feeding

activity when a foraging fish attracted the attention of others. Males (typically the

larger fish) were territorial and were observed chasing other males (60.7%) and

juveniles (28.6%) from feeding patches, or being chased by other males (46.4%).

Focal males were observed following (42.9%), and occasionally displaying (10.7%) to

females. Maximum distance travelled ranged from 1 to 38m (median=15.5m, N=18,

IQR=18.9m).

(ii) Captive fish - display tank (density —0.23fish/litre)

All observations at London Zoo were conducted between the hours 0800-1500 and

fish were not fed prior to being observed. Captive-bred fish in the display tank (N

observed = 15) frequently engaged in agonistic interactions, and almost all individuals

defended small (=2 body lengths) territories. 80% of the males chased other males,

performing a median of 12 chases per 10-minute observation (IQR = 19). Males

chased females and juveniles a median of 5 times per trial (IQRs = 11 and 5

respectively). Focal fish were also chased by females (80%, median = 4, IQR = 7),

and other males (73.3%, median = 5, IQR = 12). Fin nipping of males and females (2

instances) and five escalated fights (male-male displays and chasing lasting >3s) were
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observed. A large proportion of individuals had torn fins, presumably as a result of

high levels of aggression. There were low levels of courtship behaviour; one fish was

observed following a female (4 seconds), while another performed three courtship

displays. Only one individual was observed foraging, but all fish were highly

conditioned to feeding. Any disturbance (e.g. vibration) at the back of the tank (from

where they were normally fed) resulted in a temporary breakdown of territoriality and

a strong feeding response (similar to the feeding bouts observed in the wild). Fish

returned to their respective territories after disturbance and territories remained

defended by the same individuals over the study period (5 days).

Non-display tank (density ~0.09fish/litre)

Ameca splendens in the non-display tank (N observed = 18) were less aggressive than

those on display, and fewer fish were observed chasing or being chased by males

(chasing, = 16.7%, being chased: 22.2%) or females (chasing= 27.8%, being chased =

22.2%). Nipping was observed in two trials and 38.9% of individuals foraged at the

water surface. No courtship was observed.

(b) Comparison of behaviour of wild and captive-bred fish in structured

and unstructured environments

(i) Wild-born (density ~0.09fish/litre)

There was no significant difference in the number of times focal males chased, or

were chased by the other male between the structured and unstructured tanks

(Wilcoxon's signed rank tests: chased male: W=59.5, N=12, P=0.12, chased by male:

W=43.0, N=10, P=0.13). Similarly, there was no significant difference among

treatments in the number of times males chased females (W=31.5, N=9, P=0.31) but
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there was a tendency for focal males to be chased more frequently by females in the

structured tanks (W=15, N=5, P=0.059). Dominant males were an average of 2.3mm

larger than subordinate fish in each trial (1-sample t-test on size differences: tg=2.98,

P=0.017; mean ± s.e: dominant=53.4 ± 2.6mm, subordinate=51.1 ± 2.5mm). There

were no differences in habitat use by focal males among structured and unstructured

tanks (Kruskal-Wallis test: H5=1.08, P=0.96).

(ii) Captive-bred (density —0.09fish/litre)

In captive-bred A. splendens, there were no differences in the frequency of chasing, or

being chased, by either sex (chased male: W=23.5, N=9, P=0.95, chased by male: W

=10.5, N=8, P=0.33, chased female: W=77.5, N=14, P=0.12, chased by female: W=

23.5, N=12, P=0.36). Dominant males were an average of 2.6mm larger than

subordinates, but the difference was not statistically significant (1-sample t-test:

t7=l .79, P=0.17; mean ± s.e: dominant=50.0 ± 1,04mm, subordinate=47.4 ± 1.78mm).

As for wild bom fish, there were no differences in habitat use between structured and

unstructured environments (H5=6.95, P=0.23).

(iii) Captive-bred fish at high-density (—0.31 fish/litre)

In the structured tank the focal male chased males and females significantly more

often than in the non-structured tank (W=36, N=8, P=0.014 for both, Fig. 5.2a, b).

Likewise, the focal fish were chased more frequently (by males) in the structured tank

than in the unstructured one (W=28, N=7, P=0.022, Fig. 5.2c). However, these

differences were not significant after a Dunn Sidak correction. There was no

difference in the frequency of chases by females between the structured and

unstructured tank (W=10.5, N=8, P=0.327).
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(iv) Comparison ofwild and captive-bred fish

In both structured and unstructured environments, captive-bred focal males chased

females significantly more often than their wild-born counterparts (U=257.5, Ni=16,

N2=20, PO.OOl and U=238.5, N,=16, N2=20, P<0.001 respectively, Fig. 5.3a). In the

unstructured tanks, captive-reared males were also chased more frequently by females

(U=264.0, Ni=16, N2=20, PO.OOl, Fig. 5.3b). The above differences remained

significant after a Dunn Sidak adjustment. There was no significant difference in body

length between wild (mean + s.e. = 51.8 + 1.7mm, N=19) and captive-reared (mean +

s.e. =48.7+1.1mm, N=16) focal males (2-sample t-test: t28=T.52, P=0.14).
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Fig. 5.2 Frequency of chases by captive bred male A. splendens
directed towards males (a), females (b), and received from other males

(c) in a high-density (0.31 fish/litre) environment. Males performed more

chases (W=36, N=8, P=0.014 for males and females) and were chased
more often in a structured tank than in an unstructured one (W=28,

N=7, P=0.022). Bars show medians ± IQRs.
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Captive reared fish were also chased by females more often in the
unstructured tank than wild fish (U=264.0, Ni=16, N2=20, P<0.001, b).
Bars denote medians ± IQRs.
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Discussion

The observations performed in Mexico and London Zoo revealed that behaviour

patterns were expressed at different frequencies in wild and captive-bred individuals.

The predominant behaviours observed in wild fish were associated with feeding and

searching for food, whereas captive fish engaged in behaviours such as exploration

and aggression. When observed under standard conditions, there was no effect of

environmental structure on the behaviour or habitat use of either wild, or captive-bred

males. However, when captive born fish were observed at high population densities,

they engaged more often in antagonistic interactions. Overall, captive-reared goodeids

were involved in more aggressive interactions with females than their wild-bom

counterparts.

In the wild, A. splendens devoted a large proportion of time and energy

towards foraging, whereas captive fish tended to engage in high levels of aggressive

behaviour such as chasing and nipping. In nature, animals spend a large amount of

time and energy searching for, selecting, and consuming food (Wielebnowski 1998).

In contrast, captive animals have a dependable food source that allows them the

opportunity to perform other activities such as reproduction and territory defence

(Newberry 1995). Although other effects could account for the results presented in

this study (see below), previous research has revealed that food availability can be an

important cause of behavioural differences between wild and captive animals. Indeed,

research on zoo animals has shown that depriving individuals of foraging activities

can lead to behavioural problems such as listlessness and abnormal repetitive

(stereotypical) behaviours. The zoo literature provides numerous examples of how
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realistic food presentation allows captive animals to express more natural behavioural

patterns (reviewed in Shepherdson 1994).

Environmental structure (complex or bare) had no significant affect on the

behaviour of either wild or captive-bred A. splendens. Therefore the observed

differences in activity between wild and captive fish cannot be explained by

differences in habitat structure alone. However, when captive-bred fish were observed

in the laboratory at a high population density, (=0.31 fish/litre), they displayed more

aggression in the structured habitat than in the unstructured one. Although these

results did not remain significant after an adjustment for multiple tests, such

corrections are extremely conservative and increase the chance of committing a type

II error (Sokal & Rohlf 1995). Likewise, at London Zoo, fish that were housed in a

structured display tank (density =0.23fish/litre) were more aggressive than those kept

as off show stock (density =0.09fish/litre). These observations suggest that

structurally complex habitats favour the expression of aggressive behaviour when fish

are stocked at high density.

In addition to observing heightened aggression in the high-density display tank

at London Zoo, there was a change in social structure. Large, brightly coloured

individuals were highly territorial and frequently chased other fish, but were rarely

chased themselves. Fish of average size performed as many chases as they received,

and small dull fish were pursued most frequently and did not maintain territories. In

contrast, fish in the off show tank did not maintain territories and engaged in fewer

aggressive interactions. Other animals also exhibit changes in social structure as a

result of space limitation. For example, wild house mice are typically territorial but
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form dominance hierarchies at high-densities (Butler 1980). Price (1999) has

suggested that the inability of subordinate individuals to escape dominants may result

in the formation of highly polarized hierarchies. This social system is likely to have

important consequences for growth and selection, as fast growing, highly competitive

individuals will be advantaged.

Although some studies have found evidence for an increase in aggressive

behaviour when fish are bred in captivity, others have reported a decrease in agonistic

behaviours (see Ruzzante 1994 for a review). These discrepancies stem from other

factors that affect the relationship between aggression and captive breeding, for

example the environment under which fish are tested, rearing experience, social

system and population density. For example, Berejikian (1996) found that hatchery

fish reared in a natural stream channel were more aggressive than both wild fish and

those reared in hatchery tanks. When reared in the hatchery, fry showed elevated

aggression only if reared on low food rations at low stocking densities. In the current

study, the behaviour of first generation captive-reared A. splendens was not examined

and therefore the effects of genotypic and environmental differences cannot be

disentangled. Ruzzante (1994) suggests that heightened aggression is most likely to

result from conditions (e.g. feeding regime) that promote competition and allow more

aggressive individuals to gain better access to food. In the high-density display tank at

London Zoo, the fish had become accustomed to receiving their food in one particular

part of their tank. Larger, dominant fish vigorously defended the area immediately

around this area and would therefore receive a disproportionate amount of food.

Under these conditions it is feasible that aggression would be selected for

inadvertently. An alternative explanation is that captive animals are released from the
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stringent time/energy budgets experienced by their wild counterparts. Behavioural

decisions are therefore not constrained, for example by hunger or predator presence,

and captive-bred animals can engage in alternative activities such as aggression.

Further research is required to understand the processes underlying

domestication and to establish whether behavioural deficiencies of captive-bred

Ameca splendens could hinder its future reintroduction into the wild. Providing the

appropriate ontogenetic experiences may alleviate some of the behavioural

deficiencies associated with captive rearing, but 'de-selection' programs may be

required to reverse the genetic effects of adaptation to captivity before reintroduction

can proceed. In this respect, protecting the natural habitats of endangered species,

such as Ameca splendens, is a preferable alternative.
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Chapter 6

The effect of rearing environment on the behaviour of

the goodeid, Skiffia multipunctata

Abstract

Reintroduction projects may fail because captive-reared animals do not possess

the behavioural skills required for survival in the wild. Rearing captive-bred

animals in semi-natural enclosures prior to release has been used to improve the

survival of reintroduced endangered species, but it is unclear how rearing

environment influences the development of behaviour. This is particularly true of

fishes, given the frequent misconception that learning is unimportant in non-

mammal vertebrates. This study examined the effect of rearing conditions on the

behaviour of the goodeid Skiffia multipunctata, an endangered species of Mexican

fish. Under standard laboratory conditions, the courtship, foraging skills, and

boldness of fish raised in aquaria were compared with those of fish reared in

outdoor ponds. The results revealed that fish reared in the laboratory displayed

enhanced courtship, aggression and curiosity toward a novel fish in comparison to

individuals that were raised outdoors. There were no differences in foraging skills

among the rearing groups when fish were fed a novel food item (Artemia sp.) in

the laboratory. These findings suggest that captive rearing environments promote

the development of behavioural tendencies, such as boldness and aggression,

which may contribute to the high-predation mortality of reintroduced species.
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Introduction

Captive breeding and the subsequent reintroduction of animals into the wild is

becoming an increasingly important technique for recovering populations of

endangered species (Snyder et al. 1996). However, reintroduction projects are

often unsuccessful because captive-bred animals lack the behavioural skills

necessary to survive in the wild (e.g. Lyles & May 1987; Beck et al. 1994; Snyder

et al. 1996; Price 1999). Behavioural deficiencies can arise through inadvertent

selection for traits that are favourable in captivity, for example tameness and

resistance to stress (Kohane & Parsons 1988) or from the relaxation of selective

forces that are common in nature, such as predation. In addition, artificial rearing

environments can often deprive animals of ontogenetic experiences (e.g. predator

encounter) required for the appropriate development of behaviour.

Exposure of captive-born individuals to semi-natural enclosed

environments prior to release (termed 'soft' release) is one method that has been

employed to increase survival rates of reintroduced animals (reviewed in Stanley

Price 1989). For example, Miller et al. (1994) compared the post-release survival

of black-footed ferrets (Mustela nigripes) that were raised either in standard cages

or semi-natural enclosures, with that of wild animals that had been translocated

(moved to a new location). Although the translocated group showed the highest

survival rates, ferrets that had been reared in a semi-natural environment showed

enhanced survival compared to those raised in standard cages (Miller et al. 1994).

There is also evidence that pre-release environmental enrichment, defined as

modifications to the captive environment that result in an improvement in
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biological functioning (Newberry 1995), can alleviate behavioural deficits in

some mammal species (Olney et al. 1994).

Animals in captivity face a variety of physical conditions (e.g. limited

space, environmental stability), which are different to those prevailing in the wild.

Social interactions also differ as captive animals often lack the opportunity to

form natural social groups or are unable to disperse when young. For example,

several species may forgo reproduction if forced to remain in family groups

(reviewed in Wielebnowski 1998). Captive animals are typically maintained in

single species groups, but wild animals frequently interact with heterospecifics,

for example through competition for resources or predator-prey encounters. The

presence of heterospecifics may influence the expression of behaviour, for

instance by providing opportunities for young to learn to discriminate between

species that represent a potential threat and those that are harmless. Zoo studies

have reported increased aggression in multi-species exhibits (Wielebnowski

1998), but little is known of the effects of heterospecifics on other behaviours,

such as foraging and predator recognition.

This chapter focuses on the effects of rearing environment on the

behaviour of the goodeid, Skiffia multipunctata. The Goodeidae is a family of

live-bearing freshwater fish endemic to the High Plateau of Central Mexico. The

thirty-six species of goodeid that are currently recognised (Webb et al., submitted)

occupy a variety of habitats ranging from warm springs and canals to large lakes

and rivers (Miller & Fitzsimmons 1971). Goodeids are unusual among livebearing

fishes because they exhibit true viviparity, rather than ovoviviparity as in other
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livebearing species (e.g. the Poeciliidae) (Fitzsimmons 1976). The yolk is

absorbed at an early stage and the young receive nutrition from the female via a

unique placenta-like structure known as the trophotaeniae (Turner 1933; Turner

1937). Although little is known of their behaviour, elaborate courtship displays

and female choice have been reported in several species (Xenotoca sp.,

Fitzsimmons 1972; Girardinichthys multiradiatus, Macias Garcia 1991).

Members of the Skiffia genus (which comprises four species) are highly sexually

dimorphic; the anterior rays of the male's dorsal fin are shortened so that the fin

appears to be bi-lobed (Mendoza 1965) (see Fig. 1.5b, chapter one). Male

courtship is complex and involves a loop, or figure-of-eight dance (FOED),

similar to that observed in other goodeid species (Fitzsimmons 1972; Fitzsimmons

1976; Macias Garcia 1991). A combination of habitat loss, increased pollution

and the introduction of non-native species (De la Vega-Salazar & Macias Garcia

2002), have been implicated in the reduction of many species of goodeid. Indeed,

ten species of goodeid are included on the IUCN (2000) red list of endangered

animals. In the case of the Skiffia species (S. lermae, S. multipunctata, S.

bilineata), the natural range has decreased in recent years (De la Vega-Salazar &

Macias Garcia 2002); the remaining species (S. francesae) is extinct in the wild,

but is currently undergoing captive breeding (e.g. in Chester Zoo, UK).

Skiffia multipunctata was chosen for this experiment because of the

availability of captive stock and because it is the closest relative of S. francesae.

Juvenile S. multipunctata were randomly assigned to one of three rearing groups:

(1) semi-natural rearing with heterospecifics, (2) semi-natural rearing in single-

species groups, (3) standard rearing conditions in the laboratory. When the fish
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reached sexual maturity, the foraging ability, boldness toward a novel fish, and

courtship and aggressive behaviour of adult males was assessed. The use of males,

which are individually recognisable by their unique colour patterns, allowed the

behaviour of the same fish to be observed in each context. It was anticipated that

laboratory-raised fish would show high levels of aggression and boldness and that

the fish reared in semi-natural ponds would display enhanced foraging skills.

Courtship behaviour was not predicted to vary among the treatment groups.

Methods

Origin and maintenance of fish

In the wild, S. multipunctata inhabits a small lake (area = 44230m2, depth=T .4m)

in Orandino (19° 57' 44"N 102° 19' 61" W) in the state of Jalisco, Mexico. Water

flow into the lake is from a small spring; outflow is controlled by sluice gates

which when raised, allow water to be released through a concrete channel. The

lake contains two enclosures used for rearing carp (Cyprinus carpio) and two

small reed beds. Other fish species inhabiting the lake include four goodeids

(Chapalichthys pardalis, Goodea atripinnis, Allophorus robustus, Zoogoneticus

quitzoensis), three poeciliids (Poeciliopsis infans (native), Poecilia sphenops and

Xiphophorus hellei (both introduced)) and a minnow Notropis sp. Herons and

snakes (Thamnophis sp.), which are potential goodeid predators (Macias Garcia et

al. 1998), have also been observed at the site.

The S. multipunctata used for this experiment were the first-generation,

laboratory-born descendents of fish collected from Orandino, in June 2000. All

holding aquaria (50 x 25 x 30cm, filled to a depth of 25cm) contained an air filter
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and a small amount of aquatic weed. Ilumination was provided by two overhead

flourescent strips (75W & 20W) set on a 12-hour light/dark cycle. In March 2001,

18 pregnant females were isolated in individual birth units which were suspended

in the holding aquaria (1-2 per tank). Post-partum females and their offspring (i.e.

first-generation, laboratory-born fish) were maintained in the birth units and fed

twice daily on a diet of commercially prepared flake food. All offspring born

within a 3-week period between between April and May 2001 were collected. A

total of 17 broods were produced comprising 6 to 42 individuals (mean ± s.e.=

19.3 ± 2.66). Each brood was divided equally among the three rearing treatments

(i.e. in a brood of 21, 7 fish would be allocated to each treatment): semi-natural

rearing with heterospecifics, semi-natural rearing without heterospecifics, or

laboratory-rearing without heterospecifics. Juveniles not assigned to a rearing

group were returned to stock aquaria and played no further part in the experiment.

(i) Semi-natural (pond) rearing environments

The semi-natural rearing environments consisted of three isolated outdoor

concrete ponds, each subdivided with steel mesh partitions (1mm mesh) into a

further four pools (345 x 146 x 65cm, filled to a depth of 45cm). Each pool

contained a similar assemblage of aquatic plants which were collected from the

local area: Nymphea odorata (Mexican pond lily), Nymphoide phalla, Scirpus sp.

(little reed), Ceratophylum demersum, Myriophylum proserpinacoides (parrot's

feather), and the weeds Potamogeton sp. and Naja sp. Elodea sp. (non-native) was

also present in the ponds. Half of the pools (N=6) were each stocked with 65-70

individuals of Goodea atripinnis (a herbivore/planktivore) and 17 Zoogeneticus

quitzoensis (a small benthivore, M. De la Vega-Salazar pers. com.), both of which
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are sympatric with S. multipunctata at Orandino. Ponds were allowed to stabilise

for one month prior to the experiment, during which time the water clarity

increased as the plants became established.

On 14th May 2001, 20 juvenile S. multipunctata were introduced into each

of the 12 pools containing either heterospecifics (mixed species (MS) treatment)

or no other fish species (single species (SS) treatment). In order to acclimate

young S. multipunctata to their new environment, fish in all ponds were initially

placed in punctured, transparent plastic bags. Each bag was held open and afloat

by a rim of polystyrene, allowing the fish to remain suspended in the water

column. A small amount of aquatic weed (~10cm, Elodea sp.) was added to each

bag to provide substrate for food (micro invertebrates) and shelter. Fish in the

outdoor ponds were carefully monitored after introduction and fed finely ground

flake food for the first three days. After this time they were observed foraging off

weed and material falling into the ponds and were fed no further. Juveniles were

gently released from their bags one week after introduction.

The ponds were not aerated during the experimental period and large

amounts of blanketing green algae formed over the surface during this time. The

pools contained invertebrates such as dragonfly and damselfly nymphs (Odonata),

gastropod molluscs, pond skaters and skimers (Hemiptyrans: Gerridae),

backswimmers (Coleoptera: Notonecta sp.), crayfish (Cambarellus montezumae)

and detritivorous leeches (Erpobdella punctata). Daytime pond temperatures

between May and June 2001 were variable, ranging from a minimum of 17°C at

9am to a maximum of 24.5°C at 5pm.
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(ii) Laboratory-rearing environment

Twelve individuals were placed in each of six, visually isolated laboratory aquaria

(conditions identical to those of stock tanks) and fed twice daily with flake food.

Temperature was maintained at 21 ± 0.5°C. Any offspring born during the rearing

period (April-May 2002) were removed and transferred to stock aquaria.

Behavioural observations

During one week of April 2002, large hand nets were used (during a 30-minute

period) to remove all fish in each outdoor pool. Numbers of fish species

inhabiting each pool were counted (for pools containing heterospecifics) and all S.

multipunctata were sorted into males, females and their offspring (recognisable

through their size differences). Adult S. multipunctata were transferred to

laboratory aquaria and all other fish were transferred to non-experimental ponds.

At the end of each day, baited funnel traps were laid into the fished pools, so that

any individuals that had escaped the nets could be caught and counted. Pools were

observed for several days after they had been fished to ensure that all fish had

been successfully removed or counted. Adult S. multipunctata were housed in the

laboratory in visually isolated aquaria (ca. 1: 1 sex ratio) in their treatment groups.

These fish were fed a diet of commercially prepared flake food twice a day and

were observed feeding on their day of capture. All pond-reared fish were allowed

to acclimate to captive conditions for a minimum of 1 week. As the experience of

being chased and caught by a net may have affected behaviour, fish that had

undergone the laboratory-rearing treatment were also caught and transferred to

new holding tanks.
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Five identical tanks were used for the behavioural observations (50 x 25 x

30cm, fdled to a depth of 25cm), each containing an air filter, a layer of gravel

and a large rock anchoring small amounts the aquatic weed Valisneria sp. (novel

to fish from all three rearing treatments). Observations were conducted between

09:00-13:00. Two males and one female S. multipunctata (of similar sizes, from

the same rearing group, and unfamiliar with one another) were gently placed in

each observation tank on the afternoon of the day before a trial. The following

morning, the fish in each observation tank were fed a small amount of flake food

and left to settle for 30 minutes. Three, 10-minute observations were performed,

during which time courtship, boldness, and foraging skills were assessed (always

in this order). Fish were allowed to settle for 1 hour between each 10-minute trial.

Only the behaviour of males was recorded, as these are individually recognisable

through their unique colour patterns. In each trial, the dominant of the two males

(usually the larger and/or more brightly coloured fish) was observed since these

individuals displayed higher levels of courtship and aggressive behaviour than

subordinate fish. The dominance status of the fish was assigned during the

acclimatisation period and confirmed at the start of observations. In practice,

dominance could be clearly determined within a few minutes of observing the

fish. A sketch was made of each focal male so that it was possible to recognise the

fish in subsequent trials. Thus, for each group of three fish behavioural data were

collected from a single individual (with the exception of foraging skills, see

below). Each group was observed once in each context and both the focal and the

non-focal fish were replaced with new, experimentally-naive fish for each set of

three trials. Observations were performed behind a blind to ensure minimal

disturbance to the fish.
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Table 6.1 Definition of courtship behaviours and boldness recorded during

observation of focal S. multipunctata males.

Behaviour Definition

Courtship

Time spent courting

Courtship displays

Frequency of male-male
chases

Male continuously pursues female in an attempt
to display or mate. Includes time spent
displaying and performing 'figure-of-eight' dance
(see below).
The male positions himself in front of, or slightly
to one side of the female, and rapidly waggles
his dorsal and anal fins in a manner that
resembles the waving or flagging display of other
goodeids (Macias Garcia 1991). The male
continually adjusts his position whilst displaying,
often positioning his body vertically (head or tail
down) in front of the female. As the display
escalates, the male executes frequent 180°
turns, so that the resulting trajectory resembles a
figure of 8. This behavioural pattern (Figure-of-
Eight-Dance, or FOED) occurs during high-
intensity courtship in other goodeid species (e.g.
the Amarillo fish, Girardinichthys multiradiatus,
Macias Garcia et al. 1994). This display is
analogous to the 'loop dance' performed by
goodeids in the Xenotoca genus (Fitzsimmons
1972; Fitzsimmons 1976).
Display events are typically separated by a
mating attempt, chasing off the other male, or by
swimming away from the female.
Number of times the focal male pursues, or is
pursued by the other male.

Boldness

Time spent in close
proximity to model

Number of approaches

Time spent in visual fixation with the model.
Usually the fish approaches the model from the
front, and slowly swims around both sides of the
body.
An approach toward the model is complete once
the focal fish is longer orientated laterally to the
model and has swum away.
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(i) Courtship behaviour

During the 10-minute observations of male courtship, the time that the focal male

spent courting the female along with the frequency of courtship displays and the

number of male-male chases were recorded. These behaviours are described in

Table 6.1.

(ii) Boldness

The boldness of the test fish was assessed using a novel model fish. The model

was a realistically painted pike (total length=13cm, body depth=2.5cm; see

chapter two) that was weighted to remain in mid water. Although native to

northern North America, pike (.Esox spp.) are not sympatric with the Mexican

goodeids, but other piscivorous fish are, including the goodeid Allophorus

robustus (which reaches a size similar to that of the model). Observations began

as soon the model had been gently placed in the front left corner of the

observation tank, with its snout orientated away from the observer. During each

10-minute trial, the boldness of the focal fish was assessed by recording the time

spent in close proximity to the model (i.e. inspecting), the number of approaches,

and the time taken to resume courtship or foraging behaviour (see Table 6.1 for

definitions).

(iii) Foraging skills

To assess foraging skills, water containing ten large adult brine shrimp (Artemia

sp.) was gently poured into the front of the observation tank. The time taken for

any of the three fish to first bite a shrimp was recorded for a period of 10-minutes.
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At the end of trials the standard length (snout to base of caudal fin, in mm)

of each fish (focal and non-focal) was measured and all fish were placed in post-

observation aquaria where they played no further part in the experiment. The

behaviour of 25 males from each treatment group was recorded.

Data analysis

The frequency of courtship behaviour (time spent displaying and number of

displays) observed in pond-reared fish was very low (no data were collected for

>15 individuals in each of these groups). In every trial, courting males performed

courtship displays; these behaviours were therefore combined and are referred to

as the proportion of males observed performing courtship behaviour. Contingency

table analysis (Zar 1999) was used to test for differences in the proportion of

individuals that performed courtship behaviour among the rearing groups. Post-

hoc multiple comparisons were performed using a technique analogous to the

Tukey test (Zar 1999). The remaining data could not be normalised; differences in

behaviour among the three rearing treatments were therefore analysed using

Kruskal-Wallis tests followed by Dunn's non-parametric test for post-hoc

multiple comparisons (Zar 1999). Significance levels were adjusted for multiple

tests using the Dunn Sidak method (Sokal & Rohlf 1995). All tests were two-

tailed performed using SPSS 11.0 statistical software.
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Results

Pond statistics

During the rearing period, Goodea atripinnis and Zoogeneticus quitzoensis

escaped through the mesh into two of the ponds that previously contained only S.

multipunctata. S. multipunctata reared in these ponds were therefore excluded

from the analysis. Ponds from which the heterospecifics had escaped contained

similar numbers of fish to the other pools; these data therefore remained in the

analysis. Over the rearing period, the mean number of G. atripinnis present per

pond decreased from 65/70 to 43.7 (± 7.9 s.e., N=6). The population of Z.

quitzoensis increased in these pools from approximately 17 individuals per pond

initially, to a mean of 151.5 fish (± 19.3 s.e. fish/pond, N=6) one year later. Of the

20 juvenile S. multipunctata placed in each pond at the start of the experiment, a

mean of 17.5 fish (± 6.9 s.e., N=4) survived to adulthood per single species pond,

compared with 9.7 (± 1.6 s.e., N=6) individuals remaining per multi species pond.

The sex ratios in the single-species (1:1.3) were similar to that observed in the

multi-species pools (1:0.7). There were significantly more juvenile S.

multipunctata in the single-species pools (mean ± s.e. =106 ±5.2 fish, N=4) than

in the heterospecific pools (mean ± s.e. =1.0 ± 0.82 fish, N=6; t3=20.0, P0.001).

Two of the laboratory-reared S. multipunctata died before reaching adulthood.

The length of focal males differed among treatments (1-way ANOVA: F2)

62=12.6, P0.001; Tukey test, P<0.05). Fish raised in outdoor ponds without

heterospecifics were significantly larger than those in the other groups (mean ±

s.e. = 35.6 ± 0.8mm, N=23), and those reared in the laboratory were smaller than

both pond-reared groups (mean ± s.e. =29.9 ± 0.6mm, N=21). The standard length
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of focal fish relative to the (subordinate) male and female remained consistent

across rearing regimes (F2,62=0.09, P=0.194; F2) 62=3.04, P=0.055 respectively).

Behavioural analyses

There were significant differences in the proportion of fish performing courtship

behaviour across the three rearing treatments (^2 = 25.37, PO.OOl). A greater

proportion of laboratory-raised males performed courtship behaviour (86%) than

either group of pond-reared fish, and individuals reared outdoors in single species

ponds were more likely to engage in courtship (35%) than those raised in the

multi species ponds (10%; post-hoc test: P<0.05). Laboratory-born fish were also

involved in significantly more male-male chases than pond-raised fish in mixed

species pools (H2=16.1, PO.OOl, Dunn's post-hoc test: PO.05, Fig. 6.1a).

The level of boldness observed in focal males also differed among the

treatment groups. Laboratory-reared S. multipunctata spent more time in close

proximity to the model than either group ofpond-reared conspecifics (H2=17.5,

PO.OOl, Dunn's test: PO.05, Fig. 6.1b). The above differences remained

significant after applying a Dunn Sidak correction. There was no difference in the

frequency of approaches towards the model or the time to resume

feeding/courtship behaviour between the groups (H2=1.67, P=0.43; H2=1.95,

P=0.38 respectively). There was a significant effect of treatment on time to first

bite (FI2=6.56, P=0.038), but the difference was not significant after a Dunn Sidak

adjustment.
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Fig. 6.1 Number of chases (a) and percentage time spent in close

proximity to a novel model fish (b) by Skiffia multipunctata raised in the

laboratory (lab.), or in single species (SS), or multi species (MS) outdoor
ponds. Fish raised in the laboratory were more aggressive (H2=16.1,

P<0.001), and spent more time near the model (H2=17.5, P<0.001) than

pond-reared fish. Bars indicate median and IQR, N=21, 23, 21 for lab-

reared, SS and MS groups respectively and indicates significant
difference at P<0.05 (post-hoc tests).
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Discussion

Populations of S. multipunctata showed enhanced levels of survival and

reproduction in ponds that did not contain the other goodeid species Goodea

atripinnis and Zoogeneticus quitzoensis. At the end of the rearing period, Z

quitzoensis was the predominant species in mixed species pools, despite being

initially stocked in lower numbers than G. atripinnis. There were differences in

body length among the rearing treatments; fish reared in single species ponds

were the largest and those reared in the laboratory were the smallest. The

behavioural observations revealed that S. multipunctata that had been raised in the

laboratory displayed higher levels of courtship and aggression, and acted more

boldly toward a novel fish than those reared in the outdoor ponds. These

differences are most likely to result from environmental effects as sibling groups

were divided equally among the rearing treatments.

These results indicate that the presence of heterospecifics had an overall

negative effect on survival and reproduction of S. multipunctata. Conditions in the

ponds also appeared to be unfavourable to G. atripinnis, although a large increase

in the number of Z. quitzoensis was observed. Stomach content analyses (M. De la

Vega-Salazar, pers. com) have revealed that Z. quitzoensis feeds on small

invertebrates and behavioural observations (C. Macias Garcia, unpublished)

indicate that these are browsed off the substrate and plant surfaces. It is likely that

the large area of mesh that separated the pools provided a suitable substrate for the

type of prey that this species feeds on. In their natural habitat in Mexico, S.

multipunctata live with a variety of native and non-native heterospecifics

(poeciliid and goodeid species, see Methods). Recent research has shown that
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habitat alterations, caused by introduced species such as carp (Cyprinus carpio)

and tilapia (Oreochromis sp.), have been partly responsible for the decline of

goodeids (De la Vega-Salazar & Macias Garcia 2002). In addition, translocation

and cultivation of the larger goodeids such as G. atripinnis for human

consumption may also adversely affect other species of goodeid. Further research

is required to investigate how S. multipunctata interacts with both native and

introduced species in order to understand the factors that have contributed towards

its decline.

S. multipunctata that were raised in outdoor ponds in single species

groups were significantly larger than those reared in mixed species pools, and

those reared in the laboratory. A number of factors may have contributed towards

this effect, in particular differences among the initial stocking densities. The

laboratory-reared fish were stocked at a higher density than those in the single, or

mixed species outdoor ponds (initial stocking densities: SS ponds = 0.009

fish/litre, MS ponds = 0.045 fish/litre, laboratory aquaria = 0.38 fish/litre).

Although tank-raised S. multipunctata were fed ad libitum, high-density

conditions are known to have a negative effect on growth rate in fishes (Wootton

1990). However, behavioural interactions could also contribute towards

differences in fish size; for example, heightened competition in mixes species

pools could cause these fish to have a lower growth rate (e.g. less time available

for foraging) than fish reared in single species groups.

The results from this study indicate that the laboratory-reared fish spent

more time courting, performed more courtship displays and were more aggressive
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than their pond-reared counterparts. These findings are unlikely to be explained

solely by differences in body size between laboratory- and pond-reared fish, as

previous studies of S. multipunctata have found no relationship between body size

and courtship (Pearson's correlation: r=0.06, N=30, P=0.75) or aggression

(r=0.23, N=30, P=0.21) (J.L. Kelley, unpublished data). The enhanced courtship

and aggression of laboratory-reared males may be a result of high stocking

density; laboratory-reared males encountered females more frequently than those

in the ponds, and experienced continuous competition from other males, which

may have caused them to elevate their courtship and aggression. Rearing

conditions may also have facilitated aggressive behaviour, as laboratory-reared

fish were unable to escape dominants. Several studies have demonstrated that

rearing density can affect social interactions, which are further influenced by food

availability. For example, steelhead trout fry reared in hatchery tanks at relatively

low densities with limited food were more aggressive than those reared at high

densities with food fed ad libitum (Berejikian et al. 1996). In the present study,

fish reared in the laboratory were not food deprived, but the method of food

presentation (flakes sprinkled at the front centre of the tank, twice a day) may

have favoured aggressive behaviour. Ryer & Olla (1995) found that localising

food in rearing tanks increased the frequency of agonistic behaviour in juvenile

chum salmon (Oncorhynchus keta), compared to those whose food was scattered

and could not be monopolised.

Laboratory-reared fish spent more time in close proximity to the novel

model fish than those that were reared outdoors. Indoor tanks provide a less
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stimulating environment than the outdoors and may have caused these fish to

show enhanced curiosity toward a novel object.

The tanks in which the behaviour of S. multipunctata was compared were

structured with materials (gravel, rocks and vegetation) that were novel to fish in

all three rearing treatments. However, other factors (e.g. tank size, illumination,

water temperature, feeding regime) would have been more familiar to the

laboratory-raised fish than those reared in the outdoor pools, which may have

favoured particular traits in the laboratory-reared fish. For example, the

laboratory-reared fish may have been advantaged in the foraging trials because

they were accustomed to receiving food at the front of their tank. It would be

interesting to extend this study to determine whether the behavioural tendencies

(e.g. enhanced courtship) of laboratory-reared fish are maintained in other

contexts. In Ryer & Olla's (1995) study, differences in the frequency of agonistic

encounters caused by food distribution did not persist when the fish were tested in

a novel environment. In contrast, Evans & Magurran (1999) found that in guppies

(Poecilia reticulata), experimentally induced changes in male courtship were

maintained when the fish were subsequently moved to novel surroundings.

The results presented here suggest that rearing regime may promote the

expression ofparticular behavioural tendencies such as increased courtship and

aggression. A large number of studies have demonstrated that conspicuous

activities associated with courtship, such as elaborate displays and territorial

fights, can lead to a higher risk of predation (reviewed in Lima & Dill 1990;

Magnhagen 1991; Sih 1994). Captive-rearing conditions may therefore promote
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the development of risk adverse behaviours that increase predation mortality of

reintroduced species. Although many species (e.g. insects (Sih 1988), crustaceans

(Koga et al. 1998), and fish (Forsgren & Magnhagen 1993)) reduce conspicuous

activities in the presence of a predator, it is not known whether captive-reared

animals also possess this behavioural plasticity.
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Chapter 7

Summary and suggestions for future directions

The results presented in this thesis suggest that breeding animals in captivity may

inadvertently affect their behaviour. The studies on guppies revealed that

experience differentially mediates the anti-predator skills of guppies from high-

and low-predation risk populations; only fish from a high-predation locality

displayed a reduced response when reared in captivity (in the absence of

predators). Specifically, early experience with cannibalistic conspecifics had no

effect on subsequent anti-predator behaviour, but guppies were capable of

learning appropriate anti-predator skills when exposed to a model predator in the

presence of more experienced conspecifics. These findings suggest that social

learning may be employed to enhance the anti-predator skills of captive-reared

fish. The studies included in the latter chapters on goodeids revealed that captive

rearing environments tend to increase the expression ofbehaviours such as

boldness and aggression, which are likely to be disadvantageous in the wild.

Providing captive-bred animals with appropriate ontogenetic experience is

therefore likely to be essential for the success of reintroduction programs.

The aim of this final chapter is to further summarise the findings of this

thesis and to suggest areas for future research. For each chapter, comments and

suggestions for future research are provided.
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Chapter 2 Effects of relaxed predation pressure on visual predator

recognition in the guppy

(i) Arepredator-sympatricpopulations better learners?

The results from chapter two revealed that the predator recognition ability of wild

guppies is finely tuned to predator assemblage; females originating from high-

predation rivers exhibited enhanced anti-predator behaviour in relation to their

low-risk counterparts. Additionally, the study revealed that guppies from high-

predation populations exhibited reduced anti-predator behaviour when reared in

captivity. These results therefore suggest that the development of predator-

specific recognition behaviour in fish from high-risk localities is contingent on

experience. These population differences may arise because fish from high-risk

localities exhibit a greater predisposition to learn (Magurran 1999). Thus we

would predict that laboratory-born, high-predation fish would readily regain their

anti-predator skills given the appropriate experience. In contrast, where anti-

predator responses are less developed (i.e. in low-predation guppies), the

propensity to learn may be reduced. Indeed, studies on minnows (Magurran

1990b) and sticklebacks (Huntingford & Wright 1989; Wright & Huntingford

1992) indicate that predator-sympatric fish are more likely to refine their anti-

predator behaviour following exposure to a predator than those from low-risk

populations. Activities associated with predator avoidance are traded off against

the need to perform other behaviours, such as reproduction and foraging (e.g.

Lima & Dill 1990). Similarly, a predisposition to modify behaviour after

experience with a predator may occur at the expense of other developmental traits

(Magurran 1999).
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Both of the abovementioned studies examined the behaviour of fish from

one high- and one low-predation environment. It would be worthwhile extending

these findings to compare learning ability across several populations of wild

guppies. Inter-population differences in predator assemblage may cause learning

to occur through different processes. For example, schooling is an effective anti-

predator defence in guppy populations that occur with a variety of piscivorous

predators (i.e. high-predation populations) (Magurran 1999). Guppies from high-

predation localities may therefore be more adept at learning about predators

through social mechanisms (see section iv). In contrast, schooling provides few

anti-predator advantages for guppies that occur with predatory prawns

(.Macrobrachium spp.) (Magurran & Seghers 1990a), since prawns

predominantly use tactile and chemical cues when locating their prey (Chace

1969, in Magurran & Seghers 1990a). Guppies that are sympatric with prawns

may therefore be predisposed to learn from individual experience (e.g. with

visual/olfactory cues) rather than through interacting with conspecifics. One way

of testing this hypothesis would be to examine the learning ability of first-

generation laboratory-reared fish (to control for previous experience) originating

from several populations that occur with prawn and fish predators. Anti-predator

behaviour could be recorded before and after guppies were required to learn about

a predator through individual exposure to visual/chemical cues, or through

encounter in the presence of more experienced conspecifics.

7. Summary & future directions | 143



(ii) What is the effect ofprolongedpredator absence on anti-predator behaviour?

Behaviours that are important for survival in the wild, such as predator avoidance,

often lose their adaptive significance when animals are bred in captivity (Kohane

& Parsons 1988). Thus a relaxation in predation pressure may result in increased

variability for certain behavioural traits that in nature would normally be subject

to selection (Kohane & Parsons 1988; Price 1999). Consistent with this idea, the

results presented in chapter two revealed that the variance in schooling behaviour

was higher in the first generation of laboratory-born fish. However, this pattern

was not observed in second-generation fish, and furthermore was not evident for

the other anti-predator behaviours or for guppies from the low-predation site. To

address this question more fully, this study should be extended to include other

populations and behaviours. The behavioural traits most likely to show increased

variability as a result of captive rearing will depend on the hunting tactics of the

local predators. Thus in populations where predator inspection behaviour deters

attack, fish reared in the absence of predators may show increased variability in

inspection behaviour.

The guppy transplant experiment conducted by Haskins in 1957 (see

general introduction) revealed that in 33 years (approximately 100 generations),

the schooling and inspection behaviours of the transplanted high-predation fish

were reduced to resemble those of guppies in low-predation habitats (Magurran et

al. 1992). It is likely, therefore, that similar reductions in anti-predator behaviour

would result from the absence of predation when fish are bred in captivity over

extended periods.
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Figure 7.1 depicts this scenario and shows that the difference in anti-

predator behaviour among wild and first generation captive-born high-predation

fish (a-b in Fig. 7.1) represents the proportion of behaviour that is learned. In this

example, based on the findings of chapter two, there are no differences in anti-

predator response among high- and low-predation captive-reared fish. Anti-

predator behaviours such as schooling may be disadvantageous under relaxed

predation (Magurran & Seghers 1991) and thus we would predict a gradual

erosion of non-adaptive behaviours in fish from both predation regimes (from b to

c, Fig. 7.1). Erosion of anti-predator skills in fish from high-risk localities may

occur less rapidly where predator abundance is temporally variable and the costs

of displaying a reduced response are high. The erosion of anti-predator skills in

captive fish is predicted to be greater than that of a transplanted population (such

as that described above), in which the persistence of Rivulus hartii may favour the

retention of some anti-predator behaviours (e.g. attack cone avoidance). This idea

could be tested by comparing the anti-predator behaviour of (»th generation)

guppies transplanted into ponds (with and without Rivulus) with those of captive-

bred fish from the same population. Performing this experiment with guppies

from high-and low-predation regimes would allow some of the ideas in Figure 7.1

to be tested.
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Fig. 7.1 Effect of captive breeding on the anti-predator
behaviour offish originating from high- and low-predation
populations (indicated by solid and dashed lines respectively).
The behaviour of wild high-predation fish (a) is reduced to a

level similar to that of low-predation fish (b) in one generation
of captive rearing, thus a-b is the proportion of behaviour that
is learned, b-c represents the gradual loss of behaviour (in
both populations) under relaxed predation pressure.

Chapter 3 The effect of early experience on the anti-predator

behaviour of guppies

(Hi) Do guppies have sensitive periods?

The results presented in chapter three indicated that early experience with an adult

female had no affect on the development of anti-predator skills. This finding

suggests that other processes, such as exposure to predator cues or chemicals from

injured conspecifics, are involved in learning about predators. Some fishes (e.g.
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salmon, cichlids) exhibit sensitive periods during their development, in which

they are more likely to modify their behaviour in response to environmental

factors (e.g. predator presence) (Huntingford 1993). For example, the ability of

guppies to leam from a predator encounter may occur more readily at a particular

life stage. In the first few weeks of life, guppies from both high- and low-

predation regimes experience similar levels of predation risk from cannibalistic

adults and Rivulus hartii. As guppies become larger, however, their vulnerability

to predators may differ according to local predation regime. Fish from low-risk

sites become increasingly less vulnerable to predation because R. hartii (typically

the only predator present, Liley & Seghers 1975) are inept at capturing larger

(>14mm) fish (Mattingly & Butler 1994). In contrast, fish from high-risk sites

become increasingly vulnerable to larger and more dangerous piscivores such as

Crenicichla alta and Hoplias malabaricus. Consequently, high-predation guppies

are likely to remain sensitive to predator cues as they become larger (i.e. >14mm

in length, from -five weeks of age) and more susceptible to large predators

(Mattingly & Butler 1994). In contrast, the ability to learn is likely to be reduced

in low-predation fish as they experience a relaxation in predation pressure with

increasing age. The experiment in chapter three could be extended to investigate

how guppies respond to predator exposure at different life stages. In such a study,

one would predict that guppies from high-predation streams would become

increasingly receptive to visual and chemical cues from predators such C. alta

from about five weeks of age.

It is important to consider sensitive periods in an animal's development if

captive animals are to be trained to recognise predators prior to reintroduction, as
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such attempts may be futile outside of these stages (Griffin et al. 2000, see

below). For example, five-week-old captive-bred fish could be trained to improve

their schooling response toward a particular predator, and subsequently released at

ten weeks. Training ten-week-old fish to recognise and respond to the same

predator may require more training episodes or fail to result in an improved

response.

Chapter 4 Can anti-predator behaviour in guppies be enhanced

through social learning?

(iv) Does schoolingfacilitate social learning?

The results presented in chapter four demonstrate that guppies from low-predation

sites are capable of social learning. However, the high schooling tendency and

variable predator assemblage of downstream (high-predation) guppy populations

may be more conducive to social learning. Indeed, processes enhancing group

cohesion (e.g. predator presence) may have facilitated the evolution of social

learning. Living in groups results in increased competition for resources, and

therefore individuals that are able to acquire information from other group

members would obtain fitness benefits (Lefebvre & Palameta 1998; Reader et al.

2002). Reader et al. (in press) recently examined the social learning of foraging

information and predator escape response skills in wild guppy populations.

Although the authors concluded that wild guppies are capable of social learning,

inter-population differences were not apparent due to low statistical power in their

analysis. A detailed study of the social learning capability of wild populations
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would reveal whether fish with a higher schooling tendency are more adept social

learners.

In an extension of the above argument, we would expect female guppies to

be more proficient at learning from conspecifics than males. This is because

females have a higher schooling tendency than males (Magurran et al. 1992;

Seghers & Magurran 1995) and tend to adopt risk adverse behavioural strategies

(Magurran & Seghers 1994). Indeed, there is evidence that novel foraging

information is transmitted at a faster rate among female guppies than males

(Reader & Laland 2000) which would also presumably apply to the social

learning of anti-predator behaviour.

Social learning has been suggested as a mechanism by which captive-bred

animals might be 'taught' to respond to predators (Suboski & Templeton 1989;

Brown & Laland 2001). Future research is necessary to focus on the relative

importance of learning in a given species, the means by which learned traits are

transmitted through the captive population, and establishing whether such

techniques can contribute to the survival of reintroduced species (discussed in

Brown & Laland 2001). One question that has not been raised so far is whether

the learning capability of captive-bred animals, especially those that have been

maintained in captivity for an extended period, is similar to that of wild

individuals. This possibility is considered in more detail in the following section.
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(v) Does domestication result in the loss ofbehavioural plasticity?

Berger et al. (2001) have shown that animals inhabiting areas in which their

natural predators have become extinct may nonetheless retain the ability to learn

from predator encounters, despite displaying poor predator recognition skills. In

their study, they showed that moose (Alces alces) that had not experienced

predation from wolves (Canis lupus) and brown bears (Ursus arctos) for between

50 and 130 years suffered high mortality during initial encounters with predators.

However, predator-naive moose mothers that had lost juveniles to wolves quickly

learned to respond appropriately to wolf howls (Berger et al. 2001).

The question of how easily skills can be reacquired through appropriate

experience is relevant to the reintroduction of captive-bred animals. In the captive

environment the selective advantages of learning are reduced because animals do

not suffer the consequences of their mistakes (Price 1999). Little is known about

the learning ability of domesticated animals (i.e. those that have become adapted

to the captive environment), although there is evidence that domesticated dogs are

inferior to wolves in observational learning (Frank 1980). Future research is

required to relate the learning ability of captive-bred animals to that of their wild

counterparts. In the case of the theoretical scenario depicted for guppies in figure

7.1 for example, we would wish to know whether high-predation fish that have

undergone 100 generations of captive breeding regain their anti-predator skills as

easily as those that have undergone only three generations (i.e. in Fig. 7.1, is C

a achieved in the same way as b -> a)? Clearly, captive-bred animals that express

impoverished learning abilities should not be considered for reintroduction into

the wild.
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Chapters 5 & 6 Effect of environmental structure and rearing

environment on the behaviour of wild and captive-bred goodeids

The results of chapters five and six reveal that environmental structure, rearing

environment, and population density have important effects on behaviour. The

results also indicate that rearing practices can promote aggression and boldness in

captive-bred fishes. If these individuals were released into the wild, high mortality

(caused by the inappropriate expression of behaviour) might occur if these traits

were not modifiable. For example, numerous studies have demonstrated that

individuals modify their behaviour in the presence of a predator in order to

decrease their risk of predation (reviewed in Lima & Dill 1990; Magnhagen 1991;

Mattingly & Butler 1994; Sih 1994). Reintroduced animals that do not display

behavioural plasticity are therefore likely to show poor survivability in the wild.

This prediction could be tested, for example, by comparing the trade-off between

foraging and predator avoidance for wild and captive-bred animals. Evidence

from wild-domestic steelhead trout (Oncorhynchus mykiss) hybrids suggests that

domesticated animals are more likely to forage when threatened by predators than

their wild counterparts (Johnsson & Abrahams 1991). Future studies are essential

if we are to understand the consequences of reduced behavioural flexibility for an

animal's survival prospects in the wild.
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(vi)Does captive breeding affect the expression ofmorphological traits?

The primary focus of this thesis has been behaviour, yet studies on salmon have

shown that hatchery rearing practices can also promote the divergence of

morphological traits (Hard 2000). The consequences of captive breeding

programmes for an animal's morphology have not yet been considered in any

capacity. However, there are potential indirect effects of relaxed selection on an

animal's morphology. For example, reduced predation in captivity may enhance

the expression of sexually selected traits such as colouration and fin size. Fish that

possess enlarged fins may suffer increased predation risk due to their impaired

manoeuvrability (Macias Garcia et al. 1994) when reintroduced into the wild.

Similarly, guppies experiencing a relaxation in predation pressure (for example if

they are transplanted from a high- to a low-predation stream) evolve larger spot

sizes and more conspicuous colour patterns within a few generations (Endler

1980). These changes occur as a result of natural selection on colour patterns; thus

laboratory-bred guppies that were released into a high-predation site would be

experience high mortality due to their conspicuousness.

(vii) The future conservation ofgoodeids

Many conservation programs are hindered simply because little is known about

the natural history of the endangered species. The Goodeidae illustrate this

difficulty perfectly; little research has been conducted on the behaviour,

reproduction or feeding habits of goodeids since the family was initially described

in 1837 (Froese & Pauly 2002). Knowledge of the species' habitat requirements,

for example, is necessary in order to implement appropriate habitat restoration.
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The introduction of non-native species (in particular carp and tilapia) has been

implicated in the decline of many species of goodeid (De la Vega-Salazar &

Macias Garcia 2002); studying the behavioural interactions between these species

may yield important insights into how non-native species impact on the survival

of goodeids. The behavioural consequences of such introductions can be subtle.

For example, introduction of the Nile perch (Lates niloticus) into Lake Victoria

contributed to increased water turbidity that, by constraining colour vision and

disrupting sexual selection, caused a lower diversity of colour morphs of Lake

Victoria cichlids to be observed (Seehausen et al. 1997).

In conclusion, the aim of this thesis has been to examine the processes

operating in captivity that can lead to behavioural differences between wild and

captive-bred fishes. The results of the studies presented here suggest that captive

rearing may result in enhanced courtship, boldness and aggression, and reduced

anti-predator responses. However, the findings also highlight the extent to which

behaviour is flexible in freshwater fishes. Thus, from a behavioural perspective

there exists the potential for many of the problems associated with 'leaving the

ark' to be resolved by providing captive-bred animals with the stimuli required for

the expression of appropriate behaviours. This remains an exciting area for future

research, both in the fields ofbehavioural ecology and conservation biology.
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