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General Abstract

Predation is generally thought to be one of theompjocesses influencing the
size of populations and the structure of ecologicammunities. As such, the
mechanisms of prey survival during predatory inteoms will play a large role in
determining those characteristics and traits thatpassed on to later life stages. These
mechanisms will be particularly important duringripds of high mortality, such as
transitional periods between life history stagesoiganisms with complex, bi-partite life
cycles. One such period is that of settlement ftbenpelagic larval phase to the more
benthic associated juvenile phase in many coréffisees.

This project examines the mechanisms influencimyigal during interactions
with small reef fish predators over this early pesttlement period. The focus is split
between two distinct ecological areas that areghoto play a major role in determining
survival during transitional life stages: the pbpic and performance characteristics of
predator and prey; and the behavioural responsgsegfto potential predation threats.
The chapters of this thesis addresses the follovgugstions: 1) how selective is
predation with respect to three key prey charagties: body size, body weight and burst
swimming speed; 2) how does predator size and itgeinfluence the nature of size
selection; 3) how do behavioural characteristic®eisted with body size influence size-
selective patterns; 4) what is the role of chemalatm cues in anti-predator responses
and predator identification; and 5) how do antidater responses to both visual and
chemical predation cues differ with a changing lef¢hreat.

The common Ambon damselfisiPomacentrus amboinensis, was used as the

model prey species throughout all experiments. sélveere collected during settlement
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pulses using light traps, so as to keep them n#ivall reef-based processes. All
experiments examining the selective nature of piedawvere conducted in aquaria.
Individual predatorsHseudochromis fuscus) were offered a choice of prey, differing in
either body size, body weight or burst swimmingesbe Predation by this species was
found to be highly selective towards larger bodzesat the time of settlement. In
contrast, there was no evidence of selection vatfards to either prey body weight or
burst swimming speed. These patterns were founliffer from those observed in field
based trials, where prey were open to multiple g@dcommunities. These results
indicate that body size may be the most importaay gharacteristic influencing prey
survival during predatory encounters over this\egeriod. Further, the discrepancy
between single and multiple species trials sugipastthe nature of selection towards this
trait may differ between predator species and sizes

Closer examination of this hypothesis using furéguarium trials showed that
the intensity and direction of size selectivityfeied significantly between four of the
key predatory fish species (the dottybaeseudochromis fuscus, the moonwrasse
Thalassoma lunare; the lizardfishSynodus variegatus, and the rockcodzephalopholis
microprion). Some species preferentially removed smallewviddals (T. lunare, S
variegatus), while others removed larger individual {uscus) or were non-selectiveZ(
microprion). However, these patterns of selectivity werefoahd to differ with
predator size. These results suggest that nofgpexpression of a phenotypic trait
holds a definitive survival advantage during ak@mters. Instead, prey survival may in

part be determined by the behavioural charactesisti different sized prey within a
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hierarchy, and how this influences vulnerabilitypredation by different ‘modes’ of
predation

Size associated differences in prey behaviour wigiinple hierarchical groups
were examined in both aquaria and on small patefs nstructed immediately adjacent
to shallow lagoonal habitat. Small and large ifdlials were paired and assessed for
five behavioural traits. Large individuals wereifal to make more aggressive strikes on
conspecifics and had higher feeding rates tham shealler counterparts. We suggest
that the dominant behaviours displayed by largéividuals in a group could result in
increased vulnerability of smaller individuals fopmrtunistic predation, leading to the
patterns of predation observed in the previous tengpith the exception d®. fuscus).

How species react to predation threats and acgnoeledge of them in
previously novel habitats will have a large inflaeron survival during transitional
periods. To examine the role that visual and chahadues play in this process, fishes
were assessed for behavioural responses to potéstial predation cues and chemical
alarm cues released from injured fishes. Additilgn&sh were assessed to determine
whether they could use chemical alarm cues to &geawovel predator scents with
danger. Fish were found to respond to conspedifeanical alarm cues only by reducing
their feeding rate. Individuals were able to Usese alarm cues to associate a previously
novel predator scent with danger, after only alsipgevious exposure to the paired
conspecific alarm/novel scent cue. In contrasipoases to visual cues were more
widespread but diffuse, and fish were unable tordjsish between predatory and non-
predatory cues. These results indicate the impbrtde that chemical cues in particular

play in both threat detection and learned preda&tognition during the early post-
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settlement period in coral reef fishes. Althougdual cues also play a role, their utility
appears limited whilst still naive to reef basedgassses, due to a lack of innate
recognition of predator identity.

When tested across a range of predation thredsl@we manipulating chemical
cue concentration and distance from visual cud)abieural responses were found to be
threat dependent in nature. Although significdranges were observed, responses to
visual cues were again inconsistent, whilst respens extremely low chemical cue
concentrations were marginal, indicating a posstmeshold lower limit. This
demonstrates the ability of newly settled fish $eess the level of predation risk using
both visual and chemical cues, and respond apattepyi

This project provides us with a detailed insighbithe mechanisms and processes
of survival during a potentially critical life hsty period for coral reef fishes. In doing
S0, it shows how both phenotypic characteristiosgdator identity and behavioural
changes associated with threat detection and melgairning may influence the outcome

of predatory interactions during this early period.
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Chapter 1: General Introduction

Predation is generally thought to be one of theompjocesses influencing the
size of populations and the structure of ecologocahmunities (Sih 1987; Beukers and
Jones 1997). As such, it has the potential to $ieoag selective force over evolutionary
time, and has long been recognised as importatttarevolution of adaptations (Lima
and Dill 1990). Over shorter time frames, the cle nature of predation has been
widely implicated in determining the traits thatlMae passed on to successive life stages.
Those characteristics and behaviours that decnadserability will be retained, whilst
those that do not will be lost.

The effects of these traits on the outcome of gied events may be particularly
important during periods of high mortality. Suckripds are common during both
environmental bottlenecks, where resources aremdirlg factor (e.g. food, habitat;
Payne and Wilson 1999; Finstad et al. 2009), aaktitional periods between life stages
for organisms with complex life-history cycles (eagnphibians; Werner 1986, insects;
Fuester and Taylor 1996, marine invertebrate; Meyoet al. 1994, marine teleosts;
McCormick et al. 2002; Leis and McCormick 2002).ueéDto the intense mortality
pressures during these periods (much of which comyna@omes directly from
predation), the factors that influence survivall wlhy a disproportionately large role, as
individuals struggle to gain some advantage that imerease their probability of passing
through to the next life stage. Although enviromtaé characteristics (e.g. habitat
complexity; Babbitt and Tanner 1998; Ray-Culp et1#199; light levels and visibility;

Rilov et al. 2007) also play a major role, the ketyinsic factors influencing survival



during these periods are generally thought to bepttenotypic (Litvak and Leggett 1992;
Dorner and Wagner 2003), performance (Husak 2006) kehavioural characteristics
(Alvarez and Nicieza 2006) of predator and prey.

Phenotypic and performance characteristics that miguence survival during
predatory encounters relate directly to the morpgichl and physiological state of an
individual. On the other hand, behavioural chaastics can be said to be any
behaviour that will affect the susceptibility ofegrto capture at some point during the
predation process. This can incorporate a widgeaaof behavioural processes as
potential prey seek to avoid detection and vulnétalearly in the predation sequence
(Nilsson and Forsman 2003; Titelman and Kiorboe32@®erger and Gotthard 2008),
whilst also increasing their ability to escape figaged by a predator further into the
sequence of events (Andrade and Lopez 2005; Paghad Domenici 2006). During
transitional periods between life stages (which wmmly involve transitions to new
habitats; Barriga and Battini 2009), one area thidlt greatly influence survival is an
individual's ability to gain knowledge of the newssem and apply this in the context of
predation events (e.g. learning the identity oévaht predators; Wisenden et al. 1997,

Mirza et al. 2006; Gonzalo et al. 2007).

Phenotypic and performance characteristics

The idea that phenotypic and performance charattsi influence an
individual’s probability of survival has receivedresiderable attention in the literature.
From a prey’s prespective, body size (Allen 200&kenoto and Hanazoto 2008), overall

condition (Husseman et al. 2003; Grorud-Colvert &mbnaugle 2006; Figueira et al.



2008), growth rate (Takasuka et al. 2003; Sponaagte Grorud-Colvert 2006; Urban
2007), sensory development (Poling & Fuiman 199% ascape speed (Brana 2003)
have all been implicated in determining the outcarhpredatory events. Of these, body
size is widely considered to be the most impor{@uhen et al. 1993; Wellborn 1994;
Sogard 1997; Wang et al. 2007). The most commearyhregarding this characteristic
is that larger size conveys a survival advantagengpredatory interactions, through
enhanced competitive abilities and an increaselityalbtd escape predators (bigger-is-
better hypothesis; Litvak and Leggett 1992). Hosvewue to the level of covariance
commonly associated with body size and other plypmot and performance
characteristics (i.e. larger body size for a giegle is commonly associated with higher
condition and growth rate, increased sensory dewedmt, and faster escape speed;
McCormick and Molony 1993; Miles et al. 1995; Kgan 1996), it is often difficult to
elucidate the true mechanisms underlying this iorlahip. To date however, this
potentially confounding factor is frequently ovexked in many studies examining the
dynamics of predator-prey interactions.

When considering the influence of phenotypic andgpmance characteristics on
predator-prey interactions, the characteristicghef predator must also be considered.
Optimal foraging theory (OFT) predicts that predsatpreferentially prey on an optimal
prey phenotype in order to maximise the net ratenefrgy intake (MacArthur and Pianka
1966; Hughes 1980). Differentiating somewhat frtiva ‘bigger-is-better’ hypothesis,
this suggests that both larger and smaller pregssconvey a survival advantage, as
selective profiles of predators tend to be domeestigRice et al. 1997). As predator size

increases with ontogeny, this theory additionallsedicts that their optimal prey



phenotype will shift with it (i.e. preferred preyze will increase with predator size;
Hughes 1980). As such, in interactions involviimggke species of predator and prey, the
size distribution of the predator may well deterenithe size range of prey eaten

(Woodward et al. 2005; Urban 2007).

Behavioural Mechanisms

In comparison to morphological and physiologicaretteristics, the influence of
behavioural processes in determining the outcomeretiatory events has received
relatively little attention. For prey, the level shelter use, foraging rate, space use
(Stauffer and Semlitsch 1993; Chivers and Smith81%Griffiths et al. 1998; Grorud-
Colvert and Sponaugle 2006) and even the levelotdness (Sih et al. 2004; Stamps
2007) are all behaviours that may determine howesalble individuals are at different
stages in the predation sequence. Predator bemmawith also play a role, determining
the suite of prey characteristics that are mosteqitble to capture. This is largely a
product of the behavioural traits that define ptiesha modes, with certain prey
characteristics being more vulnerable to specifiedption types (e.g. individuals who
spend long periods away from shelter may be morgceqtible to opportunistic
predators). Therefore, who is lost to predatiory mall be decided by the behavioural
characteristics of both prey and surrounding preagat

For individuals who have recently transitioned toesav habitat, experience gained
from previous, unsuccessful, predation events lee lshown to greatly increase the
probability of survival (Mathis et al. 2003; McCoick and Holmes 2006). This

experience is thought to come from the associatf@reviously novel cues with a threat,



resulting in changes to behavioural patterns (eeduction in foraging activity) that

subsequently reduce the vulnerability to predatishen the same cue is again
encountered (Woody and Mathis 1998). Methods t#alimg these threats vary between
systems and species, but includes the use of vitoakey et al. 2009; McPhee et al.
2009), acoustic (Durant 2000; Blumstein et al. J0@¥actory (Gonzalo et al. 2008;

Roth et al. 2008) and seismic cues (Warkentin.2@07; Lohrey et al. 2009). In aquatic
systems, the two key sensory techniques are thdogh¢ vision and olfaction (Mathis

and Vincent 2000; Chivers et al. 2001; Kim et &09). Although each may play a
slightly different role in the acquisition of thteaformation (i.e. olfactory cues may be
more important earlier in the predation sequertoathh are considered important for both

detection and learning purposes (Brown and Magreava603).

The study system

In many coral reef fishes, the period of settlemtemntthe reef environment
involves a rapid transition from the pelagic enameent to the reef habitat (Leis and
McCormick 2002). This period is commonly charaised by significant changes in
morphology and behaviour, as fish metamorphose ftaraae into more benthic-
associated forms (McCormick and Makey 1997; McCokmet al. 2002). Not
surprisingly, individuals passing through this staxperience extremely high levels of
mortality, as fish adapt to life in a habitat in ialh they have no prior experience.
Upwards of 60% of individuals have been shown téosewithin the first two days post-
settlement (Doherty et al. 2004; Almany and Web2@)6), and much of this is thought

to be attributed to the actions of small site-asged fish predators (Carr and Hixon



1995; Holbrook and Schmitt 2002). As such, thecpsses and mechanisms influencing
prey survival during interactions with these predatiishes will have a disproportionate
role in determining those individuals, and chanmasties, that are passed into juvenile and
adult populations.

Despite the potential importance of this periogpdpulation dynamics, to date we
know very little about how individuals maximise ith@robability of survival whilst
passing through it. Ecological theory (ie. ‘biggebetter’ hypothesis) would suggest
that larger body size, and its covariates (e.gei@®ed condition, performance), should
convey a survival advantage. However, studies exam this in the marine
environment are commonly confounded by inter-rela@riables, and generalisations are
frequently made across communities and systemsuiitbonsidering the potential for
differences between species-specific interactiohdditionally, an individual’s ability to
detect and respond appropriately to relevant threhtring this period of intense
predation pressure is predicted to play a subsiardle in determining who survives
through to the next life stage. Yet, we currehypw nothing about methods of threat

detection, modes of response, or mechanisms afifegin juvenile reef fish.

Study Species

The present study uses a single species of newtlggeoral reef fish as a model
prey species. The Ambon damselfigtorfiacentrus amboinensis; Fig. 1.1) is common
amongst coral reef fish communities within the kRicific, particularly in the central
Great Barrier Reef. It settles to a wide variety of habitats, but isirfd in highest

densities associated with small reef patches abalse of shallow reefs. The species has



a pelagic larval phase of between 15 — 23 dayssatttes at 10.3 — 15.1 mm standard
length (Kerrigan 1996) with its juvenile body plergely complete (McCormick et al.
2002). Once settled?. amboinensis is site-attached, making it an ideal species for
experimental manipulation. They recruit in sub8émumbers at Lizard Island around
the new moon during the summer months (Octobenualg), and are easily collected at
the time of settlement with light traps (Milicicimé Doherty 1994). This life cycle, body
plan and approximate size is common to a large eurabdamselfish (Pomacentridae)

species.

Figure 1.1: (a) Newly-settled, and (b) adutomacentrus amboinensis (Pomacentridae).

Four species of small site-associated fishes wesed uas predator species
throughout experiments (Fig. 1.2): therown dottyback, Pseudochromis fuscus
(Pseudochromidae); the moonwrasHeglassoma lunare (Labridae); the sand lizardfish,
Synodus dermatogenys (Synodontidae); and the freckled rockco@gphalopholis
microprion (Serranidae). Each is known to prey heavily upewly-settled and juvenile
fish during settlement periods (Martin 1994, TH ek and Ml McCormiclpersonal
observations), and is common on shallow reefs throughout muddhe West Pacific and

Indian Oceans.P. fuscus is a small (max size 72.4 mm SL), solitary cryghiarsuit



predator commonly found on small coral bommieslon@ reef edges.T. lunare is a
highly active opportunistic predator (max size 20@ SL), generally found higher in the
water column in haremic groups across a range aff habitats. S. dermatogenys is a
cryptic ambush predator (max size 210 mm SL) conmynéound on sandy substrata
immediately adjacent to the reef base or amongsil gsommies and coral rubbleC.
microprion is another cryptic predator (max size 210 mm $kherally found in caves

or beneath ledges in both coral and rubble habitats

]
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Figure 1.2: Common fish predators of newly-settled reef fishLizard Island: (a) the sand lizardfish,

Synodus dermatogenys (Synodontidae); the moonwrass&halassoma lunare (Labridae); thebrown
dottyback,Pseudochromis fuscus (Pseudochromidae); and the freckled rock¢@ahhal opholis microprion

(Serranidae).

Aims and Thesis Outline
This study examines the mechanisms influencingigalnn newly-settled coral

reef fish during interactions with small reef figtedators. The focus is split between two



distinct ecological areas that are thought to @asnajor role in determining survival
during transitional life stages: the phenotypid @erformance characteristics of predator
and prey; and the behavioural responses of pr@ptential predation threats. Using a
series of aquarium and field-based experiments $tudy addresses the following
guestions: 1) how selective is predation with resge a number of prey body and
performance characteristics; 2) how does predaterand identity influence the nature
of size selection; 3) what is the role of chemalafrm cues in anti-predator responses and
predator identification; and 4) how do anti-predassponses to both visual and chemical
predation cues differ with a changing level of #ire

These questions are examined in five separatéestueach corresponding to one
of the chapters outlined belowChapter 2 assesses the selectivity of predation by a
single common predatory species with respect teetlkey prey characteristics: body
size, body weight and burst swimming speed. Body was standardised during body
weight and swimming speed trials to avoid confongdhe results, whilst relationships
between eight body and performance characterisitcshe time of settlement are
examined to elucidate co-variation between trai@hapter 3 draws on this work and
focuses more directly on the effects of body size the outcome of predatory
interactions. Specifically, how predator size aehtity (species) influence the nature of
size selection is examined for both the early pesttement and juvenile preyChapter
4 examines the behavioural characteristics of laage small prey within simple
hierarchical groups, and infers the role that thess play in determining the size-
selective patterns observed in Chapter @hapter 5 begins to assess the behavioural

responses of prey to potential predation threatdodking at the role of chemical alarm



cues in both threat identification and the learrohgredator identity. FinallyChapter 6
follows on from the previous chapter, examining hbehavioural responses to both
visual and chemical predation cues change withingrgvels of perceived threat.
Although each chapter has been purposefully writtiena stand-alone paper
(currently in varying stages of publication; seepApdix 1), the progression of the
dissertation follows a logical sequence, with &lhpters encompassed within the central
theme of the key mechanisms influencing early gesiiement survival. In doing so, it
tests existing tenets of ecological theory thatwidely considered to underlie survival

probability in aquatic communities.
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Chapter 2: Influence of prey body characteristics and
performance on predator selection

Published imDecologia 159: 401-413

2.1. Introduction

Body characteristics and performance attributes gamerally thought to play a
large role in determining an individual’s probatyilof survival throughout its lifetime.
Such traits have been widely linked to influencewgvival during a range of events,
including predatory (Litvak and Leggett 1992; Jan4€993; Twombly and Tisch 2000;
Dorner and Wagner 2003; Hoey and McCormick 2004afdz and Nicieza 2006; Husak
2006) and competitive interactions (Smith 1990; dhatl et al. 2006; Persson and De
Roos 2006; Van Buskirk 2007; Zedrosser et al. 2087 threat of starvation and disease
(Biro et al. 2004; Lyons et al. 2004; Bystrom et 2006; Reim et al. 2006; Hall et al.
2007; Smith et al. 2007). In recent years, theoirtgmce of these prey characteristics
during predatory interactions has received conalalerattention, as predation is widely
thought to be one of the major processes influgntite size of populations and the
structure of ecological communities (Sih 1987).e Belective nature of predation means
that prey characteristics that decrease an indwslwulnerability to predators will be
retained within a population, whilst those thatrease vulnerability will be selectively
lost. The extent to which predation is selectivk e dependent on the preferences and
selective profiles of those predators within thenazunity.

Predator selectivity may be of particular imporenduring periods of high

mortality. Such cases are common during transtiperiods between life history stages
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for organisms with complex life-cycles (e.g. biqiarlife cycle of many amphibians, and
marine invertebrates and fishes; Werner 1986; Giossed Qian 1997; Hunt and
Scheibling 1997; McCormick et al. 2002; Leis and@dcmick 2002). If predation is
selective during such periods, then it may havdsardportionate influence on those
traits that are passed into successive life-stadgiehowever predation is not selective,
then high mortality alone does not necessarilydatdi a critical life stage for population
regulation or for life history evolution (e.g. Csriet al. 1987).

Coral reef fishes are an ideal group on which talygtthe selective nature of
predation. At the time of settlement to the reefi@nment, many species undergo a
transitional period between a planktonic larvalgetaand a more ‘benthic-associated’
adult/juvenile stage, often marked by rapid morphmlal and physiological changes
(McCormick and Makey 1997; McCormick et al. 200)his period is characterized by
high levels of mortality, with upwards of 50% oftlimiduals being lost within the first 1-
2 days post-settlement (Doherty et al. 2004; Almang Webster 2006). Much of this
mortality has been attributed to predation by srina#f associated’ fish predators (Carr
and Hixon 1995; Holbrook and Schmitt 2002). Initidd, at the time of settlement
individuals generally possess moderate to highlseskvariability in a number of traits
known to influence survival during a predatory amter (McCormick and Molony
1993; Hoey and McCormick 2004).

Prey body size is one morphological characterigtat is generally thought to
play a large role in influencing the outcome ofts@ncounters (Sogard 1997; Schmitt
and Holbrook 1999; Brunton and Booth 2003; McCokraad Hoey 2004; Holmes and

McCormick 2006). One common theory (the ‘BiggeBistter’ hypothesis) suggests that
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from a prey’s perspective, being larger at a gilfahistory stage results in a survival
advantage, through reduced predation rates (Ricd. €1993; Takasuka et al. 2003),
enhanced competitive abilities and decreased stisitiéyp to starvation (Sogard 1997,
Schmitt and Holbrock 1999). Thus, as prey sizeeases, vulnerability to predation is
predicted to decrease. An alternate ecologicarthé&nown as optimal foraging theory
(OFT), predicts that predators preferentially poey an optimal prey size in order to
maximise the net rate of energy intake (MacArtma Rianka 1966; Hughes 1980). This
theory predicts that, from a prey’s perspectivehblatrge and small size conveys a
survival advantage during a predatory encountdre dharacteristics of the prey that are
targeted are contingent on the selectivity prafilehe predator, which tend to be dome-
shaped (e.g. Rice et al. 1997).

Prey body condition has also been shown to haveoritapt implications for
survival during the early post-settlement periodeflsl et al. 1994; Booth and Hixon
1999; Booth and Beretta 2004; Hoey and McCormickR420Sponaugle and Grorud-
Colvert 2006; Figueira et al. 2008). However, iteedt influence on the outcome of
predator-prey relationships remains largely untesteCondition of a fish may be
measured in a number of different ways, includingwgh, lipid content, liver
hepatosomatic indices, body robustness and develoan state (McCormick and
Molony 1993; McCormick 1998; Ferron and Leggett 49Bloey et al. 2007). From a
prey's point of view, a larger, fatter individualay be able to escape or survive a
predatory attack more often than a thinner couatérpSimilarly, it would be expected
that further developed individuals with a fastecagse response would also have an

advantage. Although a number of studies have shewisience of predator selectivity
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with respect to prey body characteristics (Sog&@71 Booth and Hixon 1999; Vigliola
and Meekan 2002; Holmes and McCormick 2006; McCoknand Meekan 2007), to
date no study has directly examined the mechanigmgrlying such selection during
this early period.

At the time of settlement, body characteristics egaltly show poor levels of
correlation among themselves when compared fosdinge individuals (McCormick and
Molony 1993; Kerrigan 1996; Hoey and McCormick 2p04#owever, to date only two
studies have attempted to incorporate either pitteeseent growth or a measure of
performance (ie. burst/escape speed) into thesepasons (see McCormick and
Molony 1993; Grorud-Colvert and Sponaugle 2006)inc& many of these traits are
driven by similar or inter-related growth processess important to understand how all
these characteristics covary to elucidate the nmesimaunderlying selective loss.

The present study focuses on individual and comipuevel predator selectivity
on a common Indo-Pacific coral reef fisRofnacentrus amboinensis) during the early
post-settlement period. Experiments were conductétt respect to three “non-
destructive” body and performance attributes knotenshow moderate levels of
variability at the time of settlement: body sizedlp weight and burst/escape swimming
speed. Specifically, the aims of the study weflg:t¢ examine the interrelationships
between body characteristics and performance atésh including pre-settlement growth
and burst/escape swimming speed; (2) to determimeth@r predation by the common
predatorPseudochromis fuscus, was selective with respect to prey body size yhwoeight

and burst swimming speed; and (3) to determine hengbredation by a natural multi-
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species predator community was selective, and Hhodiffered from the selectivity

regime demonstrated B fuscus.

2.2. Materials and Methods
Study site

This study was conducted at Lizard Island (14°40&5°28’E), northern Great
Barrier Reef (GBR), Australia during November anecBmber of 2005 and 2006. The
flow through salt water aquarium system at Lizasldnd Research Station was used to
conduct the aquarium trials, whilst the surroundhgllow lagoonal reefs and sand flats

were used for the patch reef trials.

Study species

The ubiquitous damselfidPomacentrus amboinensis was used as the prey species
for all experimental trials. This species is coomwithin coral reef fish communities
within the Indo-Pacific, particularly in the cent@BR. They settle to a wide variety of
habitats on the northern GBR, but are found in ésgldensities associated with small
reef patches at the base of shallow red?samboinensis has a pelagic larval phase of
between 15 — 23 days and settles at 10.3 — 15.5taimdard length (Kerrigan 1996) with
its juvenile body plan largely complete (McCormiek al. 2002). Once settle®.
amboinensis is site attached, making it an ideal species fgreemental manipulation.
They recruit in substantial numbers at Lizard Idlamound the new moon during the
austral months (October — January), and are eedligcted at the time of settlement with

light traps (Milicich and Doherty 1994).
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The brown dottybackPseudochromis fuscus, was used as the model predator
species for the aquarium trial®. fuscus is a small (max size 72.4 mm SL), site attached
predator common on shallow reefs throughout theoRdcific. They are known to
consume newly-settled and juvenile fishes in bbthlaboratory and field (Holmes and
McCormick 2006; Almany et al. 2007).

In the natural system, newly-settled reef fishes sarbject to a range of resident
and transient predators. At Lizard Island the mostnmon predators have been
identified as the brown-barred rock codCephalopholis boenak), moonwrasse
(Thalassoma lunare), two species of lizardfish Sgnodus variegatus and S
dermatogenys), and the brown dottybaclPgeudochromis fuscus;, Martin 1994; Beukers

and Jones 1997; Holmes and McCormick 2006).

Fish Collection

Settlement stagd?omacentrus amboinensis were collected using light traps
moored overnight close to the reef crest, and pramed back to the Lizard Island
Research Station at dawn. Fish were maintain@&linflow-through aquaria systems for
~24 hours, and fed newly hatchédtemia sp. twice per day ad libitum to allow for
recovery from the stress of capture. Growth duting period was minimal.

Adult Pseudochromis fuscus (38 — 71.4mm SL) were collected from surrounding
reefs using clove oil and hand nets. All fishegsemmaintained in individual 57L flow-
through aquaria systems for 48 hours before ussguarium trials. Fish were not fed

during this period to standardize for satiatiorg &mavoid handler-associated learning.
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Correlation of prey condition/performance measures

Ninety-four Pomacentrus amboinensis were randomly selected from a single days
light trap catch and measured for eight potentraidators of body condition and
performance: standard length, maximum burst speaedn burst speed, wet weight, pre-
settlement growth, dry weight, lipid content andexall body condition. To obtain
standard length individual fish were placed intcaBralip-seal polyethylene bags with a
small amount of sea water and measured using cal{é.1mm).

To measure maximum and mean burst speed fish vi@redpindividually into a
narrow aquarium (10 x 150 x 200mm) filled to 30mepth with fresh seawater. The
narrow shape of the aquarium effectively forced fish to move in two dimensions,
minimising errors associated with movement awaynfthe viewing plane. Escape bursts
in this species were generally observed to occuhimvithis ‘side on’ viewing plane
(McCormick and Molony 1993), as opposed to the ‘tgwn’ viewing plane used in
previous burst speed studies of Red Drum larvaem@&u and Cowan 2003; Fuiman et al.
2006) A 5 x 5 mm reference grid was positionedhlenliack of the aquarium. Fish were
maneuvered to one end of the aquarium and a rld@dependulum was dropped from a
45° angle against the glass end of the aquariumeniiately behind the fish, to induce
the burst response. The fish was allowed to racem stress before being maneuvered
back to the end of the aquarium. This process nepsated until either five reliable
bursts were recorded or the fish became too sttess@roduce reliable bursts. Only
those fish that recorded two or more successfudtbuwere included in the analysis. A
digital camera (frame speed 0.04 sec), positioaethd) the front of the aquarium, was

used to record each burst. These recordings wetlgseed, and the 5 x 5 mm grid was
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used to determine the distance traveled over teetiwo frames (0.08 sec) of each burst.
Only the first two frames were assessed as thimlirstage of the burst sequence is
thought to be most important when determining thiéitg of an individual to escape a
predation event. From these measurements, maxiamohmean burst speeds were
calculated for each fish.

Fish were lightly blotted dry and weighed to theamst 1 mg using a mass
balance (wet weight). Euthanised fish were therquanto a freeze drier for 24 hours
before being weighed to the nearest 1 pug using ss halance to obtain a dry weight.
Pre-settlement growth was determined by examinhmg microstructural increments
deposited within the sagittal otolith. Otoliths reeground to produce a thin transverse
section (as per Wilson and McCormick 1999) andanwnt widths were measured along
the longest axis, the most sensitive axis to grashiinges recorded in the otolith profile.
The mean width of the outer 7 increments was usec aelative measure of pre-
settlement growth. The assumptions that the frequef increment formation is daily
and the distance between consecutive incremepteortional to fish growth have been
validated forP. amboinensis juveniles by Pitcher (1988) and Hoey (1999).

To determine total lipid content each fish was hgerezed in 1 ml of distilled
water immediately after freeze drying. A 300ungadit of each homogenate sample was
analysed for lipid content by first extracting tipd material using chloroform-methanol
extraction (Mann and Gallager 1985). This matexias subsequently analysed using the
phosphosulphovanillin method, as described by Bammed Blackstock (1973). The
method uses a cholesterol standard calibrated stggnavimetric values to convert

chlorometric values to total lipids. Chlorometi@lues were obtained using a
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spectrophotometer (Labsystems iIEMS Reader MF) asocgated computer software
(Genesis 3.04"), at a wavelength of 520nm. The cholesterol stethdvas mixed at
concentrations of 0, 2.5, 5, 7.5 and 10 mg' rahd run through the same extraction
process as the homogenate samples, to producébeatiah line between chlorometric
values and cholesterol concentration. Once comemgbleta known ratio of 4:5
(cholesterol:lipid) was used to convert the resgltvalues from cholesterol to lipid
concentration (mg rif). The initial dry weight obtained for each sampias then used
to express the total lipid content as mgdyy weight.

A measure of overall body condition was obtainethgigesidual regression
analysis (Koops et al. 2004). This method usesrés&luals of a standard length/wet

weight regression as an index of relative condition

Experiment 1 - Laboratory trials

P. amboinensis were taken from light trap catches and sorted gnoups of two
(weight or burst speed trials) or three (size sjialor each of three measures of body and
performance attributes: prey body size, body weightl burst swimming speed.

For trials testing prey body size, individulamboinensis were first placed in a
clip-seal plastic bag containing a small amountefated seawater and measured for
standard length (SL) using calipers (z 0.1mm).hRigre placed into ‘groups’ of three,
such that one individual of each of 3 size clasgas present. These size classes were set
at 10.8 — 11.5mm, 11.9 — 12.1mm, and 12.5 — 13mm Bhe classes were chosen to
span the entire size range of individuals at theetof settlement. The size difference of

individuals between classes for all trials was gksvat least 0.5 mmOverall, the size of
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individuals caught in light traps during the couocd¢he experiment ranged between 10.8
and 13 mm SL, with a mean of 11.94 mm. Thus, sedifice of 0.5 mm between size
classes represents ~4.2% of the mean prey size.

To test the influence of prey body weigRt,amboinensis were randomly selected
and placed into one of two identical 25 L aquarithwWowing seawater. Fish in one
aquaria were fed ad libitum (high feed treatmernth vrtemia sp. nauplii, whilst those in
the other aquaria were fed 1/5 ad libitum (low féedtment). The different feed trials
were used in order to accentuate the level of baitia in standardized body weight
amongst individuals. After two days, the fish wegmoved from both aquaria, measured
for SL (£ 0.1 mm using calipers) and weighed (1) m{n order to decrease fish stress
during the weighing process, fish were first anaetited using MS-222 (0.1mg sea
water). P. amboinensis from the high feed treatment and of heavier weightavy’
individual) were paired with those from the low de&eatment and of lower weight
(‘light’ individual), but equal standard length. standardized weight difference of 5 — 10
mg was maintained between individuals within a péiroughout the experiment.
Individuals within the pair were tagged with eithar red or black subcutaneous
fluorescent elastomer tattoo using a 27-gauge rgqmoid needle for the purpose of
individual identification, as per Hoey and McCorki¢2006). Tag colours were
alternated between replicate trials to avoid thespmlity of predators selecting prey
based on tag colour. Hoey & McCormick (2006) fotinak the tagging technique had no
influence on survival or growth d?. amboinensis in aquaria over a 2 wk period. The

wet weight of individuals used for trials duringetbexperiment ranged between 22 — 74
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mg, with a mean of 52.04 mg. Thus, a differencé ef 10 mg between weight classes
represents ~9.6 — 19.2% of the mean prey weiglg.m&an SL of prey was 12.2 mm.

In order to test the influence of prey burst speedividual P. amboinensis were
firstly transferred to a 25 L flow through aquaridar 24 hours. After this period, fish
were removed and measured for SL using caliger8.1mm). Individuals were then
measured for burst swimming speed using the saoieitpue previously described in
this methods section. In order to reduce streghefiish, only three reliable bursts were
obtained per individual P. amboinensis with a high burst speed (‘fast’) were paired with
those with a low burst speed (‘slow’), but equahstard length. Individuals were tagged
for identification purposes in the same mannertas/@ The difference in burst speed
between ‘fast’ and ‘slow’ individuals in a pair ged from 110 — 280 mm séc The
burst speed of all individuals measured during ¢berse of the experiment ranged
between 201 — 825 mm skavith a mean of 423.98 mm skc Therefore, the difference
of 110 — 280 mm sé&chetween individuals in a pair represents ~25.8% ®f the mean
prey burst speed. The mean SL of prey was 11.98 mm

Eighteen identical flow-through aquaria were cangtd, as per Almany et al.
(2007). Each aquarium had an internal volume ofil57600x255x375mm). Aquaria
were divided into two equal sized sections by aawable opaque perspex partition. A
15cm length of 105mm diameter PVC pipe cut in ks placed into one section of the
aquarium as a predator shelter. A single, aréfifivhite moulded resin) branching coral
(item no. 21505; Wardleys/TFH, Sydney; dimensid# x 115 x 50 mm) was placed in

the other section as prey shelter. Aquaria wereosnded by black plastic to visually
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isolate them from each other and other externatidiances. A small hole was cut in
one side of the plastic to allow observation ofttigs.

At the commencement of each trial, aquaria wereddd/in half with the opaque
partition. A singleP. amboinensis group/pair was placed into one half, along with th
artificial branching coral. A single predatdPseudochromis fuscus) was allowed to
acclimate in the opposite section of the aquania&hours prior to the trials. Prey were
acclimated for 1 hour before the partition was reewb and the trial started. Prey
abundance was continuously monitored for the #6smin and every 10 min thereafter.
When 1 or more of the prey individuals were fouadoe missing, the trial was ended.
Any survivors were either re-measured for SL (bethe trials), or their tag colour was
recorded (body weight and burst speed trials) terdene the identity of the missing
individual(s). If more than one prey were foundising, the trial was discarded. The
mean SL of predators over all trials was 55.89 mikhthe termination of each trial, the
predator and all remaining prey were released at ghint of capture. Predator
individuals were used only once to maintain indelegice between trials. Thirty-four
successful trials were run testing prey body sma)st 25 successful trials were run to

test both prey body weight and burst swimming speed

Experiment 2 - Field trial

P. amboinensis were taken from light trap catches and sorted jatiocs as per the
protocol set out in the prey body weight trialsexperiment 1. Each pair consisted of
one ‘light’ and one ‘heavy’ individual for a standased body length.The wet weight of

individuals weighed for trials during the coursetioé experiment ranged between 46 —
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74 mg, with a mean of 59.04 mg. The weight diffee of 5 — 10 mg between weight
classes represents ~8.5 — 16.9% of the mean prgghtweThe mean SL of prey was
12.61 mm.

A series of small patch reefs (20 x 20 x 20 cm)en@ynstructed on the sand flat
immediately adjacent to the edge of a shallow lagboeef. Patches were arranged
approximately 2 m from the reef base and approxma® to 4 m apart within a 50 m
wide section of reef edge. Each patch consisted abmbination of live and dead
Pocillopora damicornis (a bushy scleractinian). Such patch reefs are camsetilement
sites for this species (McCormick and Hoey 2004) pAtches were open to the full array
of reef-based and transient predators at each site.

Prior to releasing a tagged pair, the patch reef el@eared of all resident fishes
and large invertebrates using small hand nets.nglesPomacentrus amboinensis pair
was then placed onto patch reefs and shieldeddiyea from predators for 5 to 10 min
until acclimated to the new environment. Within 80f release, fish were observed
feeding on food items from the water column, whsciggested a rapid acclimatization to
their new environment.

Survival of each of the experimental pairs was rovad 3 times per day
(morning, mid-day, evening) by visual census. Eggplicate trial ended when one or
both of the tagged fish were found to be missigifia patch, at which point the identity
of the remaining fish was recorded and the surroyndeef area was searched to
determine whether the missing individual had emegtalf a result was not obtained
within 24 h, theP. amboinensis pair was removed and the trial was abandoned.sTrial

where both individuals were found to be missingendiscarded from the replicate group.
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Where a result occurred, surrounding reef habitst searched for evidence of migration
away from the patches (with migrants clearly visilue to tag). No evidence of
migration away from patches after the acclimatieriqd was recorded during the study.

A total of 23 successful trials were completed.

Analysis

Pearson’s correlations were used to examine rakttips among the eight condition
measures. The coefficient of variation (CV) wakwiated for the burst speed of each
individual, using replicate recordings obtained nirothe Correlation of prey
condition/performance measuredhis was used to obtain an estimate of perfooman
consistency among replicate bursts for individualSV’'s were calculated using the
number of successful bursts, which varied betweand?5.

Tests of significance for Pearson’s correlationseweot corrected for multiple
tests, due to the exploratory nature of the amalysThe frequency of first mortality
between treatments, within each set of predati@isirwas compared using a Chi-
squared Goodness of Fit test. With the exceptibthe size-based aquarium trials,
Yates’ correction was incorporated in all analyesorrect for d.f. = 1.

Projected survival over the 24 hr period of preatatrials, incorporating censored
data previously excluded in Chi-squared tests, amalysed using survival analysis.
Projected survival curves of each treatment withinial set were calculated and plotted
using the Kaplan-Meier Product-Limit method. Pobgel survival between treatments

within trial sets were compared using a Cox-Maigst (weight and burst speed based
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laboratory trials, weight based field trial) or &i&Gquared test for multiple groups (size

based laboratory trials).

2.3. Results
Correlation of prey condition/performance measures

The eight measures of condition/performancePofamboinensis at settlement
displayed markedly different levels of variabildynong fish (Table 2.1). Maximum and
mean burst speed were the most variable (CV = 2588@3.2% respectively), followed
by lipid content (CV = 17.4%). Wet weight (CV =.3%0) and dry weight (CV = 13.2%)
displayed moderate levels of variation, whilst d&nd length (CV = 3.1%) and pre-
settlement growth rate (CV = 8.1%) displayed thedst levels. An accurate estimate of
variability for overall body condition (obtained mlug Residual Regression Analysis)
was not possible, due to the positive and nega®mession of the variable measures

(range = 0.01348 to -0.01349, standard deviatior08525)
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Table 2.1: Statistical summary of the eight measures of itimmdperformance obtained from newly
settledPomacentrus amboinensis collected from light traps (n = 94).

Condition Measure n Mean Range CVv
Standard Length (mm) 94 12.3 133-114 3.1
Wet Weight (g) 94 0.05 0.069 — 0.035 14.3
Dry Weight (g) 93 0.01 0.016 — 0.009 13.2
Body Condition Index 94 -0.00028 0.01348 —-0.01398 N/A
Lipid Content (mg/g) 87 102.9 150.3-60.9 17.4
Max.Burst Speed 89 491.3 800 - 125 259
(mm/sec)
Mean Burst Speed 89 423.8 608.8 — 125 23.2
(mm/sec)
Pre-settlement Otolith 74 16.9 19.9-133 8.1

Growth Rate (um/day)

Correlations between the eight measures were dbneor (Table 2.2). The
morphological measures were the general excepiuth, standard length, wet weight
and dry weight all displaying strong positive ctat®mns. Wet weight and body
condition, and maximum and mean burst speed alsplajied strong positive
relationships, whilst lipid content and dry wet gleti showed a relatively strong negative
relationship. Weaker correlations also existedvbeh standard length and lipid content
(negative), dry weight and body condition (positjiv&andard length and pre-settlement
growth (positive), and dry weight and pre settlemgrowth (positive). Correlations
between the performance (maximum or mean burstdy@eal condition measures were
poor overall, with standard length being the onbndition measure correlated with

maximum burst speed, albeit it only weekly (r=0.252ble 2.2).
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Table 2.2: Correlations among eight measures of conditiofdpmance of newly settled Pomacentrus
amboinensis collected from light traps (n = 94&afon correlation coefficients are given.
*p <0.05; * p<0.01; ** p<0.001.

Standard Wet Dry Body Lipid Max. Mean Pre-
Length Weight Weight Condition  Content Burst Burs settlement
Speed Speed Growth
Standard 1.00 0.6472 0.8087 0.001 -0.3379 0.2518 207a. 0.2997
Length *%k% *kk nS *% * nS *%
Wet Weight 1.00 0.7353 0.761 -0.167 0.0889 0.1118 0.2651
*k%k *k%k ns ns ns *
Dry Weight 1.00 0.271 -0.3511 0.0735 0.0648 0.361
*% *k%k ns ns *%
Body 1.00 0.059 -0.086 -0.021 0.106
Condition ns ns ns ns
Lipid 1.00 0.051 0.1127 -0.1265
Content ns ns ns
Max. Burst 1.00 0.924 -0.051
Speed ok ns
Mean Burst 1.00 -0.01
Speed ns

The consistency of burst speed within individuaiswnoderate, with a mean CV

of 14.38% (+0.95% SE) and a median CV of 15.44%ter89 individuals measured.

Experiment 1 — Laboratory

During aquarium trials, where prey from three sii@sses were exposed to the
predatorPseudochromis fuscus, prey fish from the largest size class (12.5 8 SL)
were found to be selected first significantly mafen than those of the small and
medium size classeg?(y» = 24.772, p < 0.001; Fig. 2.1). This result ocedrin 73.5%
of the trials run, whilst small and medium preyesiavere selected first in only 14.7%
and 11.8% of trials respectively. A similar pattevas found in the projected survival
schedules of the three different size classes, suthival analysis showing a significant
difference over the 24 hour duration of the trigfer » = 17.258, p = 0.0002; Fig. 2.2).

Projected mortality of large individuals was inlitgahigh, with 50% mortality occurring

27



within 0.3 hours and 80% mortality occurring witiin3 hours. Survival then became
relatively stable for the remainder of the triatipd. Projected mortality of both small
and medium individuals was comparatively more camisbver the duration of the trials,
with ~50% mortality occurring at 3.5 and 5.7 howespectively. 100% mortality was

predicted for all groups 19.6 hours after the comeeenent of trials

30 1

25 1

20 1

151

10 A

Frequency of first selection

10.8-115 11.9-12.1 12.5-13
Prey standard length (mm)

Figure 2.1: Frequency of selection of newly settledmacentrus amboinensis by Pseudochromis fuscus

during size-based aquarium trials.
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Figure 2.2: Kaplain-Meier Product-Limit plot for predicted rsival of small, medium and large size

classes of prey during size-based predation tnéts Pseudochromis fuscus.

No difference in predator choice was detected timeeithe weight-based or burst
speed-based trials during the aquarium experim@oits y° 41 = 0.00, p = 1.00). The
mortality of both treatments within a pair was ahmlentical in both cases, with lighter
and slower individuals being selected marginallyrenfsequently (both chosen first in
52% of trials) than their heavier and faster corpads during respective trial sets.
Similarly, no difference was found between the @ctgd survival schedules of either
treatment in both the weight-based and burst spaedd trials over the 24 hour trial
period (Cox-Mantegk 3g= 0.000, p = 1.000; and Cox-Manjgl,s= 0.000, p = 1.000
respectively). Projected mortality was initialligh during the weight-based trials, with
~70% mortality occurring within 0.7 and 0.9 hou fight and heavy individuals

respectively. Mortality then eased, until 100% taliry occurred for both groups at ~4.4
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hours. For the burst speed-based trials, projectadality remained extremely high for
the duration of the trials, with 50% mortality ocgng at 0.09 and 0.14 hours for slow
and fast individuals respectively, and 100% mdstaticcurring at 0.58 hours for both

groups.

Experiment 2 — Field trials
There was a significant difference in survival be¢w ‘heavy’ and ‘light’

individuals during the weight-based predation &ri@n open patch reefs, with the
‘heavier’ individuals found to be missing more fueqtly than their ‘lighter’ counterparts
(X2 df 1 = 4.348, p = 0.037; Fig. 2.3). This result ocedrin 73.9% of the 23 trials.
However, the difference between the projected rityrtaurves of the two treatments
was non-significant over the 24 hour trial perioden analysed using survival analysis
(Cox-Manteb, s6= 1.662, p = 0.096; Fig. 2.4). Due to the fact thials were started in
the late afternoon, and censuses could not be ebeapbvernight, the first recordings of
mortality did not occur until 16 — 18 hours intcettrial. Any mortality that occurred
overnight was therefore recorded in the 16 — 18 peuod. As such, projected survival
of light individuals decreased from 100% at 16 Isotw ~70% at 18 hours, before
stabilizing to reach ~55% survival at the end af thal period (24 hours). Projected
survival was lower during the 16 -18 hour periodHeavy individuals, with a drop from
100% to ~55%. The mortality rate eased over tHieviing 6 hours, leaving ~35%

survival at the end of the 24 hour trial period.
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Figure 2.3: Frequency of selection of newly settleBdmacentrus amboinensis during weight-based trials

on open patch reefs.
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Figure 2.4: Kaplain-Meier Product-Limit plot for predicted rsival of light and heavy standardized

weight classes of prey during weight-based predadtials on open patch reefs.
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As there was no evidence of emigration away frotshes during the experiment
and all prey individuals were released in good doyd any mortality during the trials
on open patches was directly attributed to locdledation by fish predators.

To increase interpretability, a summary of all lediory and field trials

conducted can be found in Table 2.3.

Table 2.3: Summary of all laboratory and field trials conthat during study. Preferential prey type
indicates the type of prey preferentially (statially significant) chosen by the predator during thals.

Trial Prey Prey Type Proportion | Preferential Prey
Location Characteristic of First Type
Tested Selection
Laboratory | Body Size Small 14.7% Large
Medium 11.8%
Large 73.5%
Weight Light 52% None
Heavy 48%
Burst swimming Slow 52% None
speed Fast 48%
Field Weight Light 26.1% Heavy
Heavy 73.9%

2.4. Discussion

The general selective nature of mortality has beeatl documented in the
literature in recent times (Gosselin and Qian 198@gard 1997; Blanckenhorn 1998;
Meekan et al. 2006; Anderson et al. 2008). Theeawf such selective loss have varied,
with examples of starvation, disease, competitind predation all being shown in a
range of different systems. There is now alsoeiasing evidence to suggest the selective
nature of predation on coral reef fishes at theetoh settlement (e.g. Booth and Hixon

1999; Booth and Beretta 2004; Hoey and McCormidk42®cCormick and Hoey 2004;
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Holmes and McCormick 2006; Gagliano et al. 200The relative importance of this to
the structure of future populations may well be Bired by the high, Type Il mortality
characteristic of this period (Almany and Webst&0&). Our study contributes
significantly to this body of literature, and prdes some of the first direct evidence of
size-selective predation by a single predator sgeduring this period for any aquatic
system. The dottybadRseudochromis fuscus, a common predator of small reef fishes
(Beukers and Jones 1997), was found to be highlgctee towards larger sized
individuals when tested in an aquarium system. Tihding confirms the suggestion of
positive size selection by the dottyback from avimes field experiment (McCormick
and Meekan 2007). Interestingly, the same predaspescies was found to be non-
selective towards both prey body weight and bwsstpe swimming speed when the
confounding influence of variable fish size wasexmpentally removed.

With the exception of the morphological characterss(i.e. standard length, wet
weight, dry weight), correlations between measwkebody condition were generally
found to be poor. This result is similar to thedings of other studies by McCormick
and Molony (1993), Kerrigan (1996) and Hoey and MGick (2004) who
consequently suggested that selection with redpeate trait has little influence on the
patterns of variability in other traits. Both stiand length and dry weight were found to
be correlated with lipid content, displaying a laistrong negative correlation in both
cases. Interestingly, similar relationships webtamed between standard length and
lipid content in studies by Kerrigan (1996) and Maad McCormick (2004), indicating
that lipid content may decrease with increasing siaring this life-history stage. This

relationship may be the result of trade-offs carmeer from the larval life stage. For
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example, fast growth during the larval period maguit in smaller size at settlement as
well as less time in which to amass lipids. HoweWelarval growth is slower (due to
water temperatures, poorer environmental conditiongust as a phenotypic trait), fish
may settle older, larger and with less lipids (Maelet al. 2003; Hoey and McCormick
2004). Pre-settlement growth rate was also foumdeé positively correlated with
standard length and dry weight, indicating thatnéseccurring late in the larval stage
may be important to subsequent survival duringethidy post-settlement period (Searcy
and Sponaugle 2001).

Burst swimming speed was generally not found towsdl correlated with
morphological measures. This outcome conflicthwihumber of past studies that have
previously found burst speed to be positively edatvith fish length (Bailey 1984;
Fuiman 1986). Indeed the positive relationshipMeen fish length and burst speed has
been widely integrated into fish ecology througé tigger-is-Better’ hypothesis, which
often associates increased speed as a charactefisdirger size (Fuiman 1989; Paradis
et al. 1999). However, the results presented i gtudy are not the only evidence to
suggest otherwise. McCormick and Molony (1993) enacsimilar conclusion in a study
of newly settled goatfisiJpeneus tragula. Using an experimental design similar to that
used in this study, the results indicated that tswsmming speed was poorly correlated
with standard methods of assessing condition. difierence between these and other
studies that find a relationship between size aedopmance may be because other
studies have integrated findings over the wholtheflarval phase, thereby encompassing
a wide range of different developmental stagespartbrmance capabilities. Meanwhile,

the present study and that of McCormick and Mol@893) examined the relationship at
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a specific developmental stage (metamorphosis atittment). The finding of a poor
relationship between size and performance at aicpbt developmental stage has
important ramifications for the determinants ofvéual within replenishment cohorts.
According to the ‘bigger-is-better’ hypothesis, dar size should convey a
survival advantage for prey during such predatorgoenters (Rice et al. 1993). This
however, does not appear to be the case whenmsettiestage individuals encounter
fuscus. This result is consistent with a recent fielddy by McCormick and Meekan
(2007), who found that the removal Bf fuscus from territories resulted in a shift in the
direction of local juvenile size selection from aége (i.e. selection of larger
individuals) to random. The exact mechanism uwytlaglthis positive size selection is
unclear, but there are a number of possibilities tould account for it. It may well be
that predators are making an active choice to st#leqrey size that provides the highest
energy return. This would be contingent with optirforaging theory, which predicts
that predators should prey upon those individuadd will maximize the energy return
per unit of handling time (MacArthur and Pianka @9&iughes 1980). Given that
predation byP. fuscus was not found to be selective with respect towhegability in
escape/burst swimming speed present during thiodgsdr.e., faster individuals are
selected equally as often as slower individualsiretations between escape/burst speed
and body size were generally poor, and energy nmeilacreases with prey body size
(Holmes and McCormickinpublished data), it is reasonable to suggest that predators
may be actively selecting larger prey due to ttedasted higher energy return.
Alternately, patterns of prey body size selectigrnPbfuscus could be explained

by behavioural differences between large and spraly. Huntingford (2007) discussed
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the idea that an individual’'s behaviour can be sifeexl as either ‘proactive’ (bold) or
‘reactive’ (timid), in relation to how they react a given situation. She further suggests
that how aggressive an individual is to a conspefoften correlated with its readiness
to take risks in other contexts. Arguments in favotisuch ‘behavioural syndromes’
have recently gained significant momentum, and heoxe been documented in a range
of animal groups, including insects (Johnson afd28i07), freshwater fishes (Bell and
Sih 2007; Wilson and McLaughlin 2007), birds (Dinganse et al. 2004), lizards
(Stapley and Keogh 2005) and mammals (DochtermadnJankins 2007). Given that
size — based dominance hierarchies are commonbnadxs within reef fish communities
during the early post-settlement period (persoreeovations), larger more aggressive
individuals may be proactive in their behaviouratcidions, making them more
susceptible to certain forms of predation.

Relative visibility of prey may also play a role determining susceptibility to
predation. Smaller body size has previously besso@ated with a survival advantage
during the larval period of marine fish due to desed encounter rates with visual
predators (Fuiman 1989; Litvak and Leggett 199Epr larval phase fish it has been
argued that this may be the result of changes irphwogy with size and developmental
stage (e.g. transparency and lack of body pigmentat smaller individuals; O’Brien
1979; Fuiman 1989). This however, seems an ugliggplanation within this system,
given the relatively homogeneous pigmentation divilduals tested in the trials.

Whatever the underlying mechanism, this experirhastshown that in relation to
the characteristics tested in this study, prey =gy is the most important of the three in

influencing prey survival during an encounter wkh fuscus. This contradicts the
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findings of two previous studies of selective mlityeon early post-settlement coral reef
fishes, which found evidence to suggest that pregybweight also significantly
influences survival (Booth and Hixon 1999; Seanasgt Sponaugle 2001). However, both
of these studies failed to standardize for preyyblesgth and hence the findings are
somewhat confounded.

Despite the relatively high level of variation inrbt speed between individuals,
and the generalized idea that prey with a fasteapss response should have a survival
advantage over slower counterparts, the fact thisttfescape speed also had no influence
on survival was not entirely unexpected. In on¢hefonly other known studies directly
examining the influence of prey performance on isatvduring predatory interactions
for any aquatic system, Fuiman et al. (2006) caona similar conclusion, finding that
burst/escape speed did not influence the surviviedddrum larvaeSciaenops ocellatus)
during predatory encounters with the longnose fighi (Fundulus similis). This
outcome, combined with the moderate level of valitsgkin burst speed across repeated
bursts for an individual, suggests that escapatylniay have a random factor that is
intrinsic to the prey and their state at the tinieescaping a predator. If this were the
case, then survival may actually be more relatethéo'proactive’ or ‘reactive’ coping
styles of individuals, rather than a set measurmdi’idual performance (see Sih et al.
20044, b; Bell 2007; Huntingford 2007; Stamps 2007)

Alternately, burst/escape speed may not relatéagptobability of capture by a
predator at settlement because they do not know wdeise it, since they have not yet
learnt to identify predators within the new envinent. Holmes and McCormick (2006)

suggested that the new recruits have to learndéwetity of predators before an escape
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response can be initiated. Research suggestsuvetiles of many aquatic organisms
with complex life cycles need to learn the identity predators to efficiently escape
encounters with them (Mathis et al. 1996; Brown hathnd 2003). If this hypothesis is
correct, fish that have experimentally learnt ttientity of a predator could be expected
to display the predicted negative relationship leetvburst speed and capture success by
a predator.

The results of this study show that the patternsetdctivity displayed by a single
predator species under controlled aquarium comditiwere different from the selective
signature of the multi-species predator communityopen patch reefs, with respect to
prey body weight. The pattern of body weight sid&cbecame highly significant, with
individuals of lower standardised weight havingighkr probability of survival. This
may relate to the higher predation pressures plandtie prey within the confines of the
aquarium trials, as displayed by the Kaplan-Mei@dBct-Limit plots. However, a more
likely explanation lies within the feeding ecology different predator species and the
interaction with their prey-selectivity profiles.

According to a recent study by Holmes and McCorn{R®06), the cause of this
discrepancy could be a result of predators withm lbcal community having different
selectivity fields. P. fuscus is only one of a number of fish species, all wdiffering
morphologies and predation modes, known to preynypaenile fishes in this system
(Martin 1994). Such differences in selective prefiees have previously been described
in temperate marine fishes by Scharf et al. (2088)well as in a range of invertebrate
predators and their amphibious prey by Toledo et(2007). The selective patterns

described in this study could combine with locaviesnmental conditions, such as
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habitat complexity and water current speed, ta dfte selectivity functions produced in
the single predator system.

Recent studies suggest that higher measures of cmujition (ie. lipid content,
standardized weight) positively influence the suaViof prey individuals during the early
post-settlement period of coral reef fishes (Bawtd Hixon 1999; Searcy and Sponaugle
2001; Grorud-Colvert and Sponaugle 2006). Ourstuowever, suggests otherwise,
with individuals of lower standardised weight shogia higher probability of survival
than those of a higher standardised weight. As meve¢ away from the patches was not
detected, it can therefore be assumed that predatere actively selecting the ‘heavy’
individuals over their ‘light’ counterparts. Thedings are similar to those of Hoey and
McCormick (2004) who, by using a gross manipulatminpredator access to prey,
concluded that predation was selective Pomacentrus amboinensis recruits of a high
standardised weight. These results are surprisivgngthat standardised weight
(commonly expressed as Fulton’s K) is starvatiopetelent, with higher values thought
to represent fish in better condition (Suthers }9%8sh in better condition have also
been found to take fewer risks, and are hencedegsesed to predators (Giaquinto and
Volpato 2001; Grorud-Colvert and Sponaugle 200&)e Tnconsistency in selective
direction reported between studies may well be @yt of differing growth forms
between the study species, exposure to differirefdaior suites, or the actions of
selective predation targeted towards a trait negiti correlated with standardized
weight.

In comparison to other terrestrial and aquaticesyst we currently know very

little about predation on tropical reef fishes. dddressing this issue, the present study
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has provided us with some of the most direct ewadenf the selective processes
underlying predation during a period potentiallytical to adult population dynamics.

Our results suggest that under controlled condstiterger size at the time of settlement
may actually be a distinct disadvantage to preynduinteractions with some predator
species. However, these relationships appear tanbee complex under natural

conditions, where the expression of prey charegtiesi the selectivity fields of a number
of different predators, their relative abundance] the action of external environmental
characteristics, may all influence which individmiaurvive. A greater knowledge of
these interactions and their underlying mechanignesrucial for the management of
fisheries and conservation of tropical marine estesys. It is only by understanding
predator-prey dynamics that we can predict how pnay respond to changing predator

populations or vice-versa.
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Chapter 3: How selective are reef fish predators for prey size?

Published irMarine Ecology Progress Series 399: 273-283

3.1. Introduction

Understanding the processes underlying populatioramics is one of the key
issues confronting ecologists working in complestegns. An intimate knowledge of
these processes, and how they interact, is esksbaf@e broad scale predictions can be
made at community and population levels. Predatigenerally thought to play a major
role in determining the size of populations and streicture of terrestrial and aquatic
communities (Wilbur et al. 1983; Sih et al. 198%sky et al. 2000). However, due to its
speed and decisive nature, predation is notoriodifficult to study. The selectivity of
predation over ecological time frames (i.e. phepiatyselection) has been widely
implicated in determining those character traitd tire passed into successive life stages.
These selective forces may act on a number of rdifte body and performance
characteristics, all of which can influence surVivia a variety of situations. Such
characteristics include body size (Allen 2008; $asi@ and Hanazoto 2008), overall
condition (Husseman et al. 2003; Penteriani eR@08), growth rate (Takasuka et al.
2003; Sponaugle and Grorud-Colvert 2006; Urban R0€&8hsory development (Poling
and Fuiman 1997) and escape speed (Brana 2003jy #8pe has by far received the
most attention in the literature, and is generalgarded as one of the major
characteristics linked to survival during predata@gcounters (Cohen et al. 1993;

Wellborn 1994; Sogard 1997; Wang et al. 2007).
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One common theory (the ‘Bigger-is-Better’ hypotls¢ssuggests that from a
prey’s perspective, larger size at a given lifddrg stage results in a survival advantage,
through lower predation rates (Rice et al. 1993 d@cimn et al. 1999; Wang et al. 2007),
enhanced competitive abilities and a lower susb#ipyito starvation (Stuart-Smith et al.
2007). Thus, as prey size increases, vulneraliditgredation is predicted to decrease.
In contrast, optimal foraging theory (OFT) preditiat predators preferentially prey on
an optimal prey size in order to maximise the ¢ 0f energy intake (MacArthur and
Pianka 1966; Hughes 1980). This theory predicét Hoth large and small size may
convey a survival advantage during a predatory @emes. The characteristics of the
prey that are targeted are contingent on the $etepteferences of the predator, which
tend to be dome-shaped (e.g. Rice et al. 1993).

To understand the influence of body size on theaue of predatory encounters
the relative sizes of predator and prey need toconsidered. Prey selected by a predator
depends on the characteristics expressed by beitiafor and prey, and how these
interact (Cohen et al. 1993; Woodward et al. 200fan 2007). For many piscivores,
the upper limit of potential prey sizes is set bgrphological constraints imposed by
mouth width, or gape size (a mechanism known gse'denitation’; Persson et al. 1996;
Slaughter and Jacobson 2008). According to OFpredator size increases, the optimal
prey size on which to feed should also increasegfiga 1980). Thus, as predator size
increases, individuals are predicted to preferbintselect larger prey (Rice et al. 1993;
Scharf et al. 2000). This increase in preferrexy gize has been attributed to ontogenetic
increases in mouth gape, visual acuity, digestgacity and locomotive performance.

As a result of these underlying mechanisms, inticelahips involving single species of
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predator and prey, the size distribution of thedpter will determine the size range of
prey eaten. The size range of prey available wiént determine the nature of size
selection.

At the time of settlement to the reef environmesriatreef fishes are subjected to
extremely high levels of mortality, with upwards@4% of individuals being lost within
48 hours of settlement (Doherty et al. 2004; Almang Webster 2006). Much of this
mortality is attributed to the actions of small frassociated predatory fish (Carr and
Hixon 1995; Holbrook and Schmitt 2002). As a resthlere is the potential for predator
selection during this period to have a large infleeeon those traits that are passed on to
successive life stages. The gape-limitation imgas® many predatory fish means that
the key relationship underlying predator-prey iatgions in this system may well be
predator mouth width versus the prey body depthr(é&fe1974; Werner and Gilliam
1984; Hill et al. 2005). However, given the divgrsof predator morphologies,
behaviours and attack modes amongst predatoryiséefit is reasonable to suggest that
different species may exploit the size range ofypre different ways (Holmes and
McCormick 2006). To date, there is little data e species-specific selectivity of
predators within communities for any system. If ave to predict how prey populations
may respond to changing predator communities, acehwersa, it is essential that we
gain an understanding of how selective patterrisrdifetween predators within a system.

This study examines the nature of size selectiorpiegators on the common
Indo-Pacific damselfishPomacentrus amboinensis, during the early post-settlement
period. To investigate the changing dynamic of ttnocess, the selectivity of predators

on naive newly metamorphosed individuals is congpaie experienced juveniles.
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Previous research indicates that experience olgtaimg individuals in the days

immediately following settlement increases survivdlring predatory encounters
(McCormick and Holmes 2006), and hence may alstuente selective patterns.
Ecological theory suggests that, from a predatpesspective, selective preferences
towards a particular prey trait may differ betwgmedator species. However, from a
prey’s perspective, conventional theory would ssgdjeat a particular expression of that
trait provides a generalised survival advantagenduall interactions (e.g. bigger-is-

better). We addressed these tenets in a seriegjudrium experiments using four
predator species known to be responsible for anibajaf predation on juvenile reef fish

on shallow lagoonal reefs throughout the Indo-RacifSpecifically, we assessed: (1)
whether different predator species will differ imeir size-selective preferences during
predatory interactions with newly metamorphosed eantly juvenile prey individuals, (2)

if, in keeping with Optimal Foraging Theory, pref prey size increases with
increasing predator size, and (3) the role of pwed@ape size in predator-prey

relationships between four important predator sggeand juvenile and settlement stage

prey.

3.2. Materials and Methods
Study Site and Species

This study was conducted at Lizard Island (14°40&5°28’E), northern Great
Barrier Reef (GBR), Australia during November anecBmber of 2006 and 2007. The

flow through salt water aquarium system at Lizasldrid Research Station was used to
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conduct the aquarium trials, whilst all fish cotieas were made from the surrounding
shallow lagoonal reefs and sand flats.

The common damselfisRomacentrus amboinensis was used as the model prey
species for all experimental trials.  This spedescommon within coral reef fish
communities within the Indo-Pacific, particularly the central GBR.They settle to a
wide variety of habitats on the northern GBR, bu¢ #ound in highest densities
associated with small reef patches at the baskabiosv reefs. The species has a pelagic
larval phase of between 15 — 23 days and settld9.8 — 15.1 mm standard length
(Kerrigan 1996) with its juvenile body plan largetgmplete (McCormick et al. 2002).
Once settledP. amboinensis is site-attached, making it an ideal species fpeemental
manipulation. They recruit in substantial numbergizard Island around the new moon
during the summer months (October — January), aaceasily collected at the time of
settlement with light traps (Milicich and Dohert934). This life cycle, body plan and
approximate size is common to a large number ofsedfirah (Pomacentridae) species.
Hence, any selective processes found to be opgratiR. amboinensis in this study may
be generalised to a wide range of Pomacentrid apeci

Four species of small site-associated reef fishewesed as predators during
aquarium trials: thébrown dottyback,Pseudochromis fuscus (Pseudochromidae); the
moonwrasseThalassoma lunare (Labridae); the sand lizardfisBynodus dermatogenys
(Synodontidae); and the freckled rockc@phalopholis microprion (Serranidae). All
species are common on shallow reefs throughout mfiche West Pacific and Indian
Oceans, and are generally thought to be resporfsibke majority of predation on newly

settled reef fishes in these habitats (Martin 199#; Holmes and MI McCormick
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personal observations). P. fuscus is a small (max size 72.4 mm SL), solitary cryptic
pursuit predator commonly found on small coral baemor along reef edged.. lunare

is a highly active opportunistic predator (max 2280 mm SL), generally found higher in
the water column in haremic groups across a rahgeeb habitats.S. dermatogenys is a
cryptic ambush predator (max size 210 mm SL) conmynéound on sandy substrata
immediately adjacent to the reef base or amongsil dsommies and coral rubbleC.
microprion is another cryptic predator (max size 210 mm $Ee)erally found in caves

or beneath ledges in both coral and rubble habitats

Fish Collection

Settlement stagPomacentrus amboinensis were collected overnight using light
traps moored at the back of the reef, and fish vwemasported to the Lizard Island
Research Station at dawn. Juverileamboinensis were collected from the base of
shallow reefs approximately one week after thelesatint peak, using the anesthetic
Clove Oil and hand nets. Many of these fish wetless from the previous month and
were thus assumed to be approximately 3-4 weekssgitiement. All fish were
maintained in 25L flow-through aquaria systems~24 hours, and fed ad libitum newly
hatchedArtemia sp. twice per day to facilitate recovery from thieess of capture.
Growth during this period was minimal.

Adult P. fuscus, T. lunare, S. dermatogenys and C. microprion were collected
from surrounding reefs using a combination of dmetst (clove oil/sea water mix), hand
nets, barrier nets and baited hand lines. Immelgidbllowing collection, all fish were

maintained in individual 57L flow-through aquarigseems for 48 hours before use in
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aquarium trials. Fish were not fed during thisigetto standardize for satiation, and to
avoid handler-associated learning. This level adfaeprivation is not thought to be
unusual in the wild, given that available infornoatisuggest a high degree of gut
emptiness for piscivores and generally slow thropgih rates through the digestive

system (Martin 1994; Sweatman 1984).

Experiment 1: Predator selectivity at time of settient

Settlement stagB. amboinensis were placed into a clip-seal bag of aerated water
and measured for standard length (SL £0.1 mm) us#iigers. Fish were then placed
into one of three size classes: small (10.8-11.5%) medium (11.9-12.1 mm SL) and
large (12.5-13.0 mm SL). Size classes were chtzsespresent the entire range of sizes
present at the time of settlement. Although thalttange may be considered slightly
conservative for this species, the size range ptaseindividual light trap catches can
vary considerably between days. The chosen claaesed trials to be run over
consecutive days whilst still maintaining the higih@ossible proportion of the total
species’ size range.

Predatory fish were also measured for SL prioh®olieginning of trials. The size
range of all four species used in trials was a®vis: Pseudochromis fuscus (40.0-71.4
mm SL), Thalassoma lunare (52.0-167.6 mm SL)Synodus dermatogenys (39.0-102.0
mm SL), andCephalopholis microprion (79 -155.0 mm SL). Although larger individuals
of T. lunare and S dermatogenys were caught, they were not used in trials due to
difficulties associated with acclimation in aquaridll species were then divided into

three separate size classes to examine changeeigetection with ontogeny( fuscus:

47



small 40-51mm, medium 52-60mm, large 61-72mm 3$Ljunare: small 52-88mm,
medium 89-110mm, large 111-168mm Sk ;dermatogenys. small 39-62mm, medium
63-79mm, large 80-102mm SC. microprion: small 79-115mm, medium 116-127mm,
large 128-145mm SL).

Eighteen identical flow-through aquaria were cangtd, as per Almany et al.
(2007). Each aquarium had an internal volume o4l57600 x 255 x 375 mm). Aquaria
were divided into two equal sized sections by aawable opaque perspex partition. A
15cm length of 105mm diameter PVC pipe cut in ks placed into one section of the
aquarium as predator shelter. A single, artifi¢white moulded resin) branching coral
(item no. 21505; Wardleys/TFH, Sydney; dimensid# x 115 x 50 mm) was placed in
the other section as prey shelter. Aquaria wersosnded by black plastic to visually
isolate them from each other and other externatidiances. A small hole was cut in
one side of the plastic to allow observation of thals. All aquaria were maintained
under natural lighting regimes (ie. regular daylidiours), with experimental trials
commencing between 10:00 and 14:00 of each day.

At the commencement of each trial, aquaria weradd/in half with the opaque
partition. Three settlement stageamboinensis (one from each of the three size classes)
were placed into one half along with the artifidihnching coral. The size difference of
individuals between size classes within a trial vedways at least 0.5 mm. This
corresponds to a body depth difference of approtdiy®.31 mm. Given that the mean
body depth of individualsaught in light traps during the course of the expent was
4.87. mm, this difference of 0.31 mm representd 486.0f the mean prey body deptA.

single predator of known species and SL was allowextclimate in the opposite section
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of the aquaria for 48 hours prior to the trialgeyPwere acclimated for 1 hour before the
partition was removed and the trial started. Rdeyndance was continuously monitored
for the first 20 min and every 10 min thereaftéi/hen one or more of the prey were
found to be missing, the trial was ended. Any suong were re-measured for SL to
determine the identity of the missing individual(df all three prey were found to be
missing, the trial was discarded. 40 successfalst(13 small, 14 medium, 13 large
predators) were completed usiRgfuscus as the predator, 46 (15 small, 16 medium, 15
large predators) using. lunare, 43 (14 small, 15 medium, 14 large predators)gi§in
dermatogenys, and 48 (16 small, 16 medium, 16 large predatosg)g C. microprion.
Predatory fish were each used in one trial onlyefilr successful or not) and were

released at their point of capture when trials voerapleted.

Experiment 2: Predator selectivity during early jemile period

Juvenile P. amboinensis were measured as per the previous experimenth Fis
were subsequently placed into one of five sizegmates according to their SL: 11.8-13.0
mm, 13.1-15.0 mm, 15.1-17.0 mm, 17.1-19.0 mm, a@d-22.0 mm. These classes
were chosen so as to cover a size range fromrtieedf settlement to approximately 3-4
weeks post-settlement. Two predator species oehgwsed in trials with juvenile prey:
Pseudochromis fuscus and Cephalopholis microprion. Predator SL was measured, with
the size range of the two species as folldwdpuscus (43-70mm SL), an. microprion
(79-145mm SL). As in the previous experiment, ptets were then divided into three

separate size classes to examine changes in $&otiae with ontogenyR. fuscus: small
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40-51mm, medium 52-60mm, large 61-72mm &L ; microprion: small 79-115mm,
medium 116-127mm, large 128-145mm SL).

The same experimental aquaria and protocol wad asein experiment 1, the
only difference being that five prey (one from eadlthe five size classes) were placed
into one half of the aquaria along with the art#fidoranching coral. The size difference
between classes within a trial ranged from 1.4818, representing ~ 8.7-20.5% of the
mean prey SL (16.1 mm). When 1 or more of the prese found to be missing, the trial
was ended. Any survivors were re-measured for Glddtermine the identity of the
missing individual(s). If more than two prey were missing, the trial wascdrded. 69
successful trials (23 small, 23 medium, 23 largedptors) were completed usify
fuscus as the predator, whilst 45 (15 small, 15 mediur, |&rge predators) were

completed usin@.microprion.

Predator gape limitation

Before predators were released, a measure of maxigape size was taken for
all four species, in order to obtain body lengtb&aize relationships. Maximum gape
size was taken as the maximum internal horizontstiadce within the fish’s mouth
without visible distortion. This was obtained bytending pincer calipers within the
mouth (at the axial point between the upper ancktgews) until the point of resistance.

Body depth and SL measurements were taken frormdbenof settlement stage
(collected from light traps) and juvenile (collettefrom surrounding reefs)P.
amboinensis to calculate body length/depth relationships. Bdepth was obtained using

calipers and taken as the widest vertical distaloeg the fish’s length. Dorsal and
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ventral fins were not included in this measurendun to their delicate and non-rigid
nature in this species at this point in developmdith measurements were taken on the
observation that prey were almost always ingesyetthé predator tail first and orientated
on their side. Thus, any gape limitation will bevdn by the maximum width of the
predator’s gape in comparison to the maximum baptidof the prey.

Body length/gape size ratios of the four predapcges and body length/depth
ratios of P. amboinensis were then compared to determine the extent totwpiedator-

prey relationships were potentially limited by pa&at gape size.

Analysis

The number of times each size class was selecttdMas totaled for comparison
within and between predator species and sizesdtr &periments. In cases where two
prey were taken before the trial was ended, eatheofissing size classes were assigned
a half count (0.5) and included in the analysite $election counts of the three prey size
classes were compared for each predator specia) @od predator size class, using a
chi-squared goodness of fit test. Selective peefivere compared between predator
species and size class using a generalized lineadelmincorporating an ordinal
multinomial distribution. This method was deemieel inost appropriate form of analysis
due to the categorical nature of the multinomialalaes (size classes; Ambrosius 2007).
Assumptions of homogeneity of variance and normaligre examined prior to analysis.

In order to determine the potential for gape litmta within interactions, predator
body length/gape size relationships were plottedeth of the four species. This plot

was then overlaid with the range of body depthsath the settlement stage and juvenile
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prey individuals used in trials. The resultingufig allows for the visual comparison of
predator sizes that are potentially constrainedhbyimum gape during interactions with
settlement stage and juvenile prey. Prey body kédgpth relationships were then used
in conjunction with predator body length/gape sikationships to estimate the number

of times predators fed above their maximum gapendyredation trials.

3.3. Results
Experiment 1: Selectivity at settlement

The size-selection profiles for settlement staBemacentrus amboinensis
differed significantly among the four predator speqWald Statistig; 3 = 20.375,p =
0.0001; Fig. 3.1). Pseudochromis fuscus selected large prey (68.75% of cases)
significantly more often than small or medium pmyes (17.50% and 13.75% of cases
respectively;y%s » = 22.663,p < 0.0001). In contrast, bothhalassoma lunare and
Synodus dermatogenys displayed a non-significant trend to select thaltast of the three
size classes (47.83% and 45.35% of cases resggito@mpared to the medium and
large P. amboinensis (35.87% and 20.65% foF. lunare, y% 2= 4.906,p = 0.0860; and
30.23% and 24.42% foB dermatogenys, y’ss 2 = 0.656,p = 0.8438). Cephalopholis
microprion showed no clear preference between prey sizes,switll, medium and large
size classes being selected relatively eveyfly = 0.656,p = 0.8438).

There was no difference in size-selection betweedgior sizes within all four of
the predator specie®.(fuscus, Wald Statisticys » = 0.368,p = 0.832;T. lunare, Wald
Statisticgr» = 1.037, p = 0.5955 dermatogenys, Wald Statistigs, = 0.145,p = 0.93; and

C. microprion, Wald Statistigs, = 0.143p = 0.931).
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Figure 3.1 Frequency of first selection of settlement stBgeacentrus amboinensis during aquarium

based predation trials wifbur important predatory fish species.
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Experiment 2: Selectivity during early juvenileage

There was a significant difference in the size@le profiles of the two predator
species during trials with early juvenie amboinensis (Wald Statisticy 1 = 17.764p <
0.0001; Fig. 3.2). P. fuscus selected the smallest prey size significantly moiten
(54.95% of cases) than the four other size clag®€32%, 12.64%, 7.69% and 0% of
cases respectively’s 4= 59.297p < 0.0001). The largest size class (19-22 mm S49 w
not selected by. fuscus during any trials throughout the experiment. efastingly,
although the direction of selection changed betwegeriments, the size class targeted
by P. fuscus in this experiment (smallest) roughly correspotashe size range of the
size class targeted in experiment 1 (larges€. microprion showed no detectable
preference for prey size during interactions witheniles ﬁ(zdf4= 2.222,p = 0.6950),
with the five size classes have a similar probghbdf selection.

Predator size had no effect on size-selective prrée within species, with no
significant difference being detected between kined size classes within bd#h fuscus
(Wald Statisticyr 2 = 1.735,p = 0.4200) andC. microprion (Wald Statisticy 2 = 1.494, p

= 0.4740).
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Figure 3.2 Frequency of first selection of early juverlemacentrus amboinensis during aquarium based

predation trials with two important predatory fistecies.

Predator gape limitation

Prey body length/depth relationships were charisei@ by positive regressions
for both settlement stage (y = 0.505x — 1.0761=R.819) and juvenil®. amboinensis
(y = 0.564x — 1.235, R= 0.963). Settlement stage individuals had loleegth/depth
limits of 10.6/3.9 mm and upper limits of 13.0/Bam, whilst juveniles used in this study

had lower length/depth limits of 11.8/5.1mm and erdpmits of 21.1/10.4mm.
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Constraints imposed by predator gape size havedtential to greatly influence
the outcome of interactions between bBtliuscus andT. lunare, and juvenile/settlement
stageP. amboinensis (Fig. 3.3). Given that the determinants of maximprey size are
predator gape width and prey body depth, the oelaliip suggests that all sizeshf
fuscus measured during this study were limited to varyegents by maximum gape
during interactions with prey > 21 mm SL. As theximum size at settlement féx.
amboinensisis ~13.3 mm SL, gape limitation will play a role determining the capture
probabilities of settlement stage amboinensis for anyP. fuscus below ~44 mm SL. In
the case ofT. lunare, any fish below 144 mm SL will potentially havenmltations
imposed by gape size during interactions with jifegprey > 21 mm SL. Any. lunare
less than 91 mm SL may also be gape limited duntgyactions with settlement stage
prey.

NeitherS. dermatogenys nor C. microprion, of the sizes collected and measured
in this study, appear to be constrained by maxingape size during interactions with
juvenile or settlement stage amboinensis (Fig. 3.3). Interpolation suggests tHat
dermatogenys may potentially have limitations imposed at sitedow 47.7 mm SL,

whilst C. microprion may be limited at sizes below 56.8 mm SL.
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Figure 3.3 Potential for gape limitation in four importgmtedator specie$éeudochromis fuscus,
Thalassoma lunare, Synodus der matogenys andCephal opholis microprion) during interactions with
settlement stage and juvenfemacentrus amboinensis. Prey P. amboinensis) standard length/body depth
relationships have been overlaid on predator starldagth/gape size relationships to ascertairndbsetity
and size of those predators potentially constranedape size during predatory interactions (hesé
individuals below or within the prey body depthgas). The dark shade of grey refers to the begyd
range for settlement stage individuals, whilstltbeter shade of grey refers to the body depth edog

juvenile individuals.

Using the calculated predator body length/gape sk prey body length/depth
relationships as a guide (Fig. 3.3), it was deteeabithat of the 99 trials in whid.

fuscus were provided a choice including prey sizes abthesr predicted maximum,
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individuals selected above this maximum on 8 ocres(8.1% of trials). In comparison,
of the 20 trials in whiclT. lunare were offered a choice of prey including sizes aov
their predicted maximum, individuals selected abtive maximum on 16 occasions
(80% of trials). Measurement error was ruled @ud@ause of this unexpected result due
to the magnitude of the discrepancy, with prey bddpth often exceeding maximum
predator gape by up to 2.5 times. Due to the ptapuwately larger gapes on bogh
dermatogenys andC. microprion, no trials were conducted on either species thatlved

a choice of prey above their predicted maximumadiitional interest is the position and
gradient of the body length/gape size relationgfip. lunare (y = 10.136x + 30.67) in
comparison to that oP. fuscus, S dermatogenys and C. microprion (y = 5.9923x +
8.2031, y = 3.7987x + 5.2222, and y = 4.4714x 068XBrespectively), indicating that
gape is significantly smaller for a given size imstspecies and that it increases with

ontogeny at a slower rate than the others.

3.4. Discussion

For juvenile coral reef fishes the direction antkemsity of selection can differ
over very small spatial scales (Holmes and McCakn2i@d06; McCormick and Meekan
2007; Samhouri et al. 2009). This variation isuthiot to be partially due to differences in
the composition of predator assemblages betwees amd their underlying selective
preferences. However, this conclusion is basethf@nence due to the almost complete
lack of information on species specific predatdedtvity within marine systems, and
ecosystems in general (for exceptions, see Schaif @000; Allen 2008). This study

presents one of the first cases of species spesifie selectivity for a number of
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important predators within an ecosystem. The tesllow that different predator species
have different size-selective preferences duringractions with the settlement and early
juvenile stages of a common coral reef fish speddsile this gross finding of species

differences matches the predictions of foragin@thethe details of the selection of prey
by particular species does not conform well to mteshs. Evidence suggests that at the
time of settlement in the life of a coral reef figho particular body size confers a
definitive survival advantage during predatory amgers. Instead, prey survival may in

part be determined by the suite of predators ptesehe location of settlement, and how
they interact with one another.

The idea that prey body size has a large influemcéhe outcome of predator-prey
encounters is not new to the field of ecology (8an2993; Litvak and Legget 1992;
Mathis et al. 2003). The most common view amomegslogists is that larger prey size
conveys a universal survival advantage during ®wEnts (i.e. bigger is better; Rice et
al. 1993; Takasuka et al. 2003; Wang et al. 200¥)wever, previous studies by Sogard
(1997) and Allen (2008) have both found evidencsuggest otherwise, concluding that
although larger prey size conveyed a survival athgain a majority of species specific
interactions (negative size selection), there veeraimber of cases in which it was also
selected against (positive size selection). Quulystlescribes a similar pattern of mixed
selective direction amongst a number of predatecigg on settlement stage prey, within
a single system and under identical experimentatlitions. Incidentally, a recent field
study by McCormick and Meekan (2007) also produegttience to suggest similar
patterns of contrasting selective preferencd.imunare and P. fuscus. Although this

outcome was largely implied due to difficulties @sated with controlling external

59



factors in field experiments, it shows that theulssobtained from aquarium trials in this
study hold true in a field context. This furtheinforces the potential for interspecific
differences in selective preference amongst preslatand in conjunction with our study,
suggests that the role of prey body size in det@ngi the outcome of predatory
interactions should be considered on a case bybzesg, rather than in general terms.

So why may a particular expression of the bodytlemgit not provide a uniform
survival advantage across all interactions, asigiesdi by ‘bigger-is-better’ theory? The
answer to this is likely to lie within variation ithe predation mode and morphology
between predator species (Keast and Webb 1966,0pablou and Eleftheriou 1997;
Gaughan and Potter 1997). Such differences magnpally allow each predator species
to exploit the available population in a differevdy, so as to optimize energy return. For
example, the mobile and vigilant naturePoffuscus may enable it to choose and target
optimally sized prey, whilst the opportunisti@. (lunare) and ambush natureS(
dermatogenys andC. microprion) of predation by the other three species mearishby
may target anything that becomes vulnerable or sowi¢hin striking range. Such a
suggestion has previously been made by Scharf €G00) in which they concluded that
size-based feeding strategies were related to fmediaraging tactics, habitat overlap
with prey, and morphological specializations tha¢ articularly suited to specific
habitats and/or prey types. Given the wide rarfgeredator morphologies and feeding
modes present amongst tropical reef fish communitiixon 1991) it is reasonable to
suggest that the same may apply to this system.

With the exception oP. fuscus, and to a lesser extentlunare (only the smaller

sizes are potentially constrained), gape size apgealay a minimal role in determining
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selective preferences amongst important predaitshy during interactions with newly
settled and juvenil®. amboinensis. In the case of. lunare, the evidence against gape
limitation during these relationships is furtherigidened by the apparent lack of
constraint imposed by maximum gape size, with fisgularly recorded feeding well
above their predicted maximum prey size. This h@awes not necessarily surprising,
given the opportunistic nature @t lunare’'s predation mode and the observation that
gape size of the species is relatively small fgiven size, and increases at a relatively
slow rate with ontogeny. This indicates that gajze may not necessarily be a limiting
factor in prey choice for this species. Alterngtehis lack of constraint based on
conventional morphological measurements could fgghthe importance of other facets
of jaw functional morphology (i.e. biomechanics)mfluencing strike speed, jaw closure
speed and bite force for this species (GrubicH.&0®8; Anderson and Westneat 2009).
Despite bothC. microprion andS. dermatogenys being identified as important predators
of juvenile reef fish, only the smallest sizes atle have the potential to be gape limited
in this system. However, no individuals of thizesiwere trialed in this study, due
entirely to problems associated with locating aattlting fish of such a small size for
these species. The lack of gape limitation wasquéarly obvious inC. microprion, and
this large gape size in comparison to the sizegaridhe prey, as well as the ‘engulfing’
nature of their attacks, helps to explain the laicgelectivity observed for this species.
Despite its absence in the other three specie® lafation was apparent iR.
fuscus during interactions with juvenile prey, with indivals rarely feeding above their
predicted maximum size. However, during interaiovith both settlement stage and

juvenile prey, fish were generally observed to feedl below their predicted maximum,
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indicating that the observed selective patternsewmaore a result of behaviour rather than

morphological constraints. Overall, this generaklaf a gape constraint for predators

feeding on newly settleB. amboinensis suggests that an important determinant of size
selectivity during this period may be the behavabairaits exhibited by predator and prey

(Gaughan and Potter 1997).

Evidence for the involvement of prey behaviour nfiuencing susceptibility to
predation has grown in recent years (Biro et ad42@006; Sih et al. 2004; Stamps 2007,
Biro and Stamps 2008). In the context of coraf emmsystems, a recent field study by
Meekan et al. (in press) found tHadmacentrus amboinensis of larger standard length
spent more time foraging, were more aggressive risvaemaller conspecifics, and swam
greater distances than their smaller counterpditiese differences have also been shown
to apply in an aquarium situation, with similar beloural patterns occurring on the coral
mould habitat used in this study (Chapter 4). sltpbssible that such differences in
behaviour and space use between prey sizes maganteith predator feeding strategies
and habitat niches to cause the observed selqmiverns.

Despite our results, there is currently a significhody of literature suggesting
that larger prey body size generally provides aisal advantage during the early post-
settlement period in coral reef fishes (e.g. Schanid Holbrook 1999). Where these
studies differ from the current research is in theation over which selection is
measured, which tends to be over days to weekss |diter assessment has the potential
to mask selective forces acting within the firstitrs post-settlement, when individuals
are most naive to reef based predators and herstesosreptible to predation. For those

individuals that make it through this period, thehability of survival during future
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encounters has been shown to increase as a résh#ioexperiences (McCormick and
Holmes 2006). This is presumably caused by behbeaaicchanges within the newly
settled individuals, which may in turn also affdw selective nature of predation.

The rapid change in the dynamics between predatbipeey and its influence on
prey selection has recently been highlighted by Rdeeet al. (in press) in their study of
behaviourally mediated mortality on open patch sedfhey found mortality to be
selective towards larger individuals at the time sefitlement, and towards smaller
individuals a month following settlement. A sinmilpattern was observed in this study
during trials withP. fuscus, with prey selection acting against larger indiats at the
time of settlement, and against smaller individuhlsng the early juvenile period. This
selection occurred despite the choice of prey demegely falling within gape constraints.
One explanation for this may be that this prey dqmbich was the same in both
experiments, despite the different size range a$sgds around it) represents the optimal
choice for this particular predator species, witlcle experiment detecting one end only
of the resulting dome shaped curve (Rice et al319%n alternate explanation may lie
within prey behaviour. At the upper end of thigysize spectrum, gape limitation will
indeed play a role for this predator species. Hanefor the smaller prey sizes it is
possible that experiences acquired by prey indalglduring early settled life resulted in
behavioural changes that make larger body size,tarakssociated covariates, distinctly
advantageous. If such patterns are common, thisnintportant to distinguish between
these two periods when assessing selective loss.

According to optimal foraging theory, preferred yigze should increase with

increasing predator size (MacArthur and Pianka 1®%6&hes 1980; Rice et al. 1993).
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However, this was not the case in our study, widdptor body size failing to influence
prey size selection for any of the predator spedasng either the settlement or early
juvenile trials. It may be that the size ranggdy at the time of settlement was simply
insufficient to cause a difference in selectivef@mence, particularly in the case of the
non gape-limited predators (i.8.dermatogenys andC. microprion). During the juvenile
trials, all sizes ofP. fuscus were largely constrained by gape size to the smaikze
classes, limiting the potential for selective shiftvhilst the large gape size .
microprion effectively negated any change. Alternately, ldek of change in prey size
selection may be related to prey behaviour, in 8pEcific prey sizes may be more
vulnerable to predation by specific feeding stretegwhich may not change greatly over
the size range of predators used in this studyckBiket al. 2007; Chapter 4). Whatever
the underlying mechanisms, in relation to the pi@dspecies used in this study, predator
body size appears to play a relatively minor rolelétermining the outcome of predatory
interactions during early settled life.

The importance of selective processes in strugudammunity dynamics of
organisms with complex life histories has receivadch attention in recent years
(Congdon et al. 1999; Chivers et al. 2001; Searwy Sponaugle 2001; Allen 2008).
Although caution should be observed when extrapglahese results to the wider prey
community (due to the potential for morphologicatiébehavioural differences between
prey species), this study adds significantly te titerature, and provide us with further
insight into the patterns of predator induced deliég operating during a critical life
stage for coral reef fishes. In doing so, we hsivewn that there is great potential for

such selective processes to differ between locsitibased on the composition of the
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predator community alone. In addition, this worlghlights the importance of
distinguishing between the settlement and earlyenile periods when assessing the
mechanisms underlying selective loss. However, lbgse patterns hold in multi-
species situations remains to be seen, due toogghylity of synergistic and antagonistic
relationships between predatory and other non-poeglaspecies altering individual
preferences (e.g. McCormick and Meekan 2007; Samleuwal. 2009). Such factors

must be considered before any assessment of sel@etiterns in natural systems.
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Chapter 4: Behaviour as a mechanism underlying size-based
differences in vulnerability to predation

Submitted tdenvironmental Biologyof Fishes

4.1. Introduction

The behavioural characteristics of an individuat teve a large impact on the
probability of survival throughout its lifetime. h€se traits may directly or indirectly
affect survival through a range of processes, tholy competitive (Kozak et al. 2007,
Zuberogoitia et al. 2008) and predatory interacti@annini and Belk 2006; Kesavaraju
et al. 2007; May et al. 2008). One important iefloe of behaviour is on the
vulnerability to predation, as this is widely redgad as one of the most important
processes structuring ecological communities (Sitale 1985; Wellborn et al. 1996;
Banks et al. 2008). Specific behaviours, such aaging rate, aggression towards
conspecifics and habitat usage can influence thisevability, and play a role in
determining which individuals may be lost from gplation.

Size-based hierarchies within small groups haeguently been attributed to
behavioural variation amongst individuals (AbbatidaDill 1989; Hunt 1992; Rychlik
and Zwolak 2006; Ahvenharju and Ruohonen 2007)e ddmmon finding is that larger
size within a group generally corresponds with dmehnical dominance, providing a
competitive advantage over smaller individuals afidwing greater access to food
resources and preferred habitat (Dou et al. 20@8heF and Cockburn 2006; Gherardi
2006). For smaller, subordinate individuals thdeeninance hierarchies can result in

decreased growth rates (Johnson 2003; Montero. €08B), sub-optimal habitat usage
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(Dickman et al. 1991; Trejo and Guthman 2003; Mawle 2008) and increased stress
from aggressive conspecific attacks (Gilmour et2805; Montero et al. 2009); all of
which can potentially increase vulnerability to gg&on. However, a number of other
studies have reported the opposite, with largerybside providing no competitive
advantage, or even a disadvantage, during hiecaicimteractions (Cote 2000; Schulte-
Hostedde and Millar 2002). This indicates that tleéationship may vary between
systems, or that dominant behaviours are reliansame other intrinsic factor (e.g.
‘personality traits,” Sih et al. 2004; Huntingfa2@07).

The potential importance of behavioural traitsimiluencing an individual’'s
susceptibility to predatory attacks may have paldicrelevance during periods of high
mortality. For organisms with complex life cyclesuych as many invertebrates,
amphibians and fishes, mortality is highest duritng larval phase and around
metamorphosis when organisms transition betweenremaents (e.g. Wilbur 1980;
Hunt and Scheibling 1997). In coral reef fisheg preriod immediately following larval
settlement to the reef environment is characterseduch high mortality (upwards of
60% within 48 hours post-settlement; Doherty et2804; Almany and Webster 2006),
with much of this loss being attributed to predatoy small fish predators (Holbrook and
Schmitt 2002). Given that many fish species oftermf small conspecific groups at
settlement (e.g. McCormick and Meekan 2007), theeractions and behavioural
characteristics relative to others in the groupl wgikatly influence which individuals
survive through to the juvenile and adult life stagErrington 1946, 1956; Grorud-
Colvert and Sponaugle 2006). Although hierarchsgsttems have been documented in a

number of coral reef fish groups (e.g. Forreste911Booth 1995; Whiteman and Cote
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2004), to date only a single study has examinedavebral differences among
individuals within a simple group during the eaplgst-settlement period (Meekan et al.
2010), although these observations were solelg haksed.

The present study examines the behaviour of a comnmewly-settled
damselfish, Pomacentrus amboinensis, within a simple paired hierarchical system.
Consistent differences in behaviour may lead tdogpcal advantages, such as enhanced
growth and survival. In the present study we exgothe behavioural differences
associated with differing body size between indmald within a group. Because
predation experiments are often conducted in agu@ig. Beukers and Jones 1997;
Almany et al. 2007; Figueira et al. 2008) it is wngant to determine whether fish behave
similarly within laboratory and field trials. Thdoge, observational trials were conducted
both in the field and aquaria to examine the cdéescy of behaviour traits exhibited
between situations. It was predicted that behasiatharacteristics of individuals would
differ according to relative size, with larger imdiuals being dominant. Additionally,

we expected no difference in overall behaviour leetwaquarium and field trials.

4.2. Material and methods
Study site and species

This study was conducted at Lizard Island (14°40&5°28’E), northern Great
Barrier Reef (GBR), Australia during November anécBmber of 2007. The flow
through salt water aquarium system at Lizard Isl&ebearch Station was used to
conduct all aquarium trials, while field trials veeconducted on a nearby shallow reef

system.

68



Settlement stagd’omacentrus amboinensis, a common damselfish on Indo-
Pacific coral reefs, were used as the model spdoiesll experimental trials. This
species settles to a wide variety of habitats emibrthern GBR, but are found in highest
densities associated with small reef patches abaise of shallow reefd?. amboinensis
has a pelagic larval phase of between 15 — 23 @lagsettles at 10.3 — 15.1 mm standard
length (Kerrigan 1996) with its juvenile body plirgely complete (McCormick et al.
2002). Once settled?. amboinensis is site attached, making it an ideal species for
experimental manipulation and observation expertmenThey recruit in substantial
numbers at Lizard Island around the new moon dutiregaustral months (October —
January), and are easily collected at the timeetifesnent with light traps (Milicich and

Doherty 1994).

Fish collection and preparation

Settlement stagPomacentrus amboinensis were collected using light traps (see
Meekan et al. 2001 for design) moored overnighselto the reef crest, and fish were
transported to the Lizard Island Research Stati@aan. All fish were maintained in 25
L flow-through aquaria systems for ~24 hours, aedl iewly hatchedrtemia sp. twice
per day ad libitum to allow for recovery from theess of capture. Growth during this
period was minimal.

Immediately following the 24 hour acclimation petjondividualP. amboinensis
were removed from aquaria, placed into plastic sigal bags filled with aerated and
measured for standard length (SL, £ 0.01 mm) whth did of a magnifying glass using

Vernier calipers. Fish were then paired such tharger sized individual (mean = 11.72
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mm SL £ 0.04 SE) was paired with a smaller sizeuspecific (mean = 10.84 mm SL +
0.03 SE). A standardized size difference of 00/+hm SL was maintained between
individuals within a pair throughout all trials. oFidentification purposesndividuals
within the pair were tagged with either a red @chl subcutaneous fluorescent elastomer
tattoo (Northwest Marine Technologiesjsing a 27-gauge hypodermic needle, as per
Hoey and McCormick (2006). Tag colours were alérd between replicate trials to
avoid any potential behavioural biases. Hoey amtCdmick (2006) found that the
tagging technique had no influence on growth owisal of P. amboinensis in aquaria

over a 2 wk period.

Aquarium trials
Aquarium trials were conducted in 57 L (600x255x3n%) glass aquaria,

surrounded on three sides by black plastic. Ongitodinal side was left open to allow
observation. Two artificial (white moulded resinjabching corals (item no. 21505;
Wardleys/TFH, Sydney; dimensions: 140 x 115 x 50)mmare placed at one end of the
tank against the glass, to act as prey shelterhdheontal distance away from the coral
shelter (along the longitudinal axis) was then radrlat 50 mm intervals for reference
purposes, with the start point being the outer exfghe coral mould branches. A vertical
line was drawn on the outside of the aquaria ab @athese 50 mm intervals, effectively
dividing the horizontal scale into a series of mn&he vertical distance above the
substrate was also marked at 50 mm intervals fererce purposes, with the top of the

coral moulds being at 140 mm.
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A single P. amboinensis pair (1 large, 1 small individual) was placed imach
aquarium, along with 30 ml of newly hatchademia sp., and left to acclimate for two
hours. All individuals were observed to have sdttlethe coral moulds and were feeding
within the water column after 15 minutes. At thel efithe acclimation, and immediately
prior to the observation period, a further 10 mhefvly hatcheddrtemia sp. was added
to the aquaria to stimulate feeding.

Behavioural observation periods lasted 15 minutg) recordings being made
by two observers sitting behind black plastic simegtio avoid influencing fish behaviour.
Each observer focused on the behaviour of a siigfleonly during this period. Distance
from the coral shelter and vertical height in thatev column, was recorded every 30
seconds. If an individual was within the sheltethe time of the recording, the distance
from shelter was said to be 0. In addition, aggvesstrikes on conspecific and
movement between horizontal zones were recordedeviee they were observed during
the observation period. An individual was saich&we moved between zones whenever
they crossed a border at one of the 50 mm interuadtuding the O mm interval at the
edge of the coral shelter. At the end of the oabitb minute period, a further 5 minutes
was used to record feeding rate. This was recaaddtie number of feeding strikes made
by each individual during this period, with feediagyikes onArtemia sp. being easily

visible against the black background.

Field trials

Field trials were conducted on a series of smaltlpaeefs, created on sand

substrate immediately adjacent to a shallow lagbeed. Each patch consisted of a 200

71



x 200 x 200 mnPocillopora damicornis (a bushy hard coral) coral head, separated from
the main reef by approximately 5 m. Small pegs waeed radially outwards from the
coral head in 50 mm increments, with the start pbeing the outer edge of the coral
branches. A thin piece of string was then usegbio each of the pegs at specific
increment widths, dividing the horizontal distarmseay from shelter into 50 mm zones.

A single P. amboinensis pair (1 large, 1 small individual) was placed oretich
patch, and immediately covered with a 5mm wire mesie (300 x 300 x 300 mm) to
prevent predator access during a 2 hour acclimgpenod. All individuals were
observed to be settled to the coral head and fgeslithin the water column within 30
minutes. At the end of the acclimation, and imragay prior to the observation period,
the mesh cage was removed, and divers remainedeb#s patch for 10 minutes to
allow fish to acclimate to diver presence.

The observational protocol followed that of the agum trials, with a 15 minute
behavioural period (recording distance from sheleight in water column, aggressive
strikes on conspecific, and movement between zdiolspved by a 5 minute feeding
strike recording period. As in the aquarium triatsecordings were made by two
observers, with each observer focusing on a sifigifieonly. Observations were made
from a distance of approximately 1.5 metres, witmagnifying glass used to assist in
recording the number of feeding strikes. Divergemgresent approximately 5 minutes
before the commencement of observational periodd, Gare was taken to avoid any

sudden movements so as to reduce diver effectisloh&haviour.
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Analysis

Mean values of each of the five behaviours wereutaled for both large and
small individuals, within both the aquarium andldigrials. Overall behavioural
differences between fish sizes (2 levels: largealgnand trial type (2 levels: field,
laboratory) were then compared using a two-way inariate analysis of variance
(MANOVA). The data was log transformed in order to meet the assumptions isf th
test. A canonical discriminant analysis (CDA) vpasformed to display how each of the
five behaviours differed between fish sizes andl ttypes. Trends in the behavioural
variables are represented as vectors which aréeglan the first two canonical axes,
together with treatment centroids and their 95%fidence clouds (Seber 1984). In order
to statistically analyse these differences, two-waglyses of variance (ANOVA's) were
performed on each of the five behaviours. The dats once again, lggtransformed in
order to meet the assumptions of the test. Baoriéorrections were used to correct for
multiple ANOVA'’s on potentially interrelated varilgs within a single dataset, with a

revised alpha level of 0.01.

4.3. Results

There was a significant difference in overall bebaw of individuals between
both the trial types (aquarium and field; Pilldirace 7,= 0.3638, p < 0.0001) and fish
sizes (large and small; Pillai’s trace,= 0.4016, p < 0.0001). No interaction effect was
found between trial type and fish size (Pillaiadg ;4= 0.0223, p = 0.8886).

The CDA displays how the five behavioural measur@senfluenced the

difference between both the large and small sizéhin both the aquarium and field
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trials. The first two canonical variates explainéd.49 and 23.27% of the overall
variation respectively. There was a clear separaif individuals in the aquarium trials,
from those in the field trials (Fig. 4.1). Thislagonship is driven by the number of
feeding strikes, the number of movements betweeaeszand the distance from shelter,
with aquarium fish showing higher feeding rateghler movement and greater distances
from shelter. In the field fish tended to be higiethe water column than when they
were within an aquarium. There was also a pronaliseparation of small individuals
from large individuals in the aquaria trials (Figl). This pattern is largely driven by the
number of aggressive strikes on conspecifics, aralésser extent the number of feeding
strikes, with larger individuals being both moreyagssive and feeding more frequently.
Although small and large individuals were not cleaeparated in the field trials, there
was differentiation along the ‘aggressive strikeconspecific’ axis, which suggests that

this behaviour is mostly responsible for any défeze between the two.
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Figure 4.1 A canonical discriminant analysis comparing liedavioural characteristics of large (Lg) and
small (Sm) newly-settledPomacentrus amboinensis within simple paired groups, during field (Fd) and

aquarium (Aq) trials. The circles represent 95%fickence intervals

The results from the ANOVA's statistically confirohéhe visual representation of
the behavioural differences between groups in tb&.CLarger individuals were found
to make significantly more aggressive strikes omlkn conspecifics across both sets of
trials (81.18 and 98.15% more during field and aigua trials, respectively; s =
19.224, p < 0.0001; Fig. 4.2). Likewise, large feskhibited more feeding strikes than
smaller individuals across both sets of trials 12é6nd 26.31% more during field and
aquarium trials respectively; Fs= 10.995, p = 0.0014). At the trial level, fishindhe

aquarium trials made significantly more feedingkss (kR 7s= 9.596, p = 0.0027) and
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made significantly more movements between horizont@es (f 7s = 6.8746, p <

0.0001) than fish tested in field trials. Thisference was particularly marked in the
number of movements made between zones, with 4&578.91% more movements
being made by large and small individuals respebtjvin aquarium trials than in field
trials. Despite this, the pattern between sizesareed largely the same, with larger

individuals making marginally more movements inboséts of trials.

76



10 7 (a) O Large Fish
[ O Small Fish

——

Mean attacks on conspecifics

120 T (b)

100 A

——

80 A

40 A

Mean feeding strikes
(e}
o

20 A

80 1 (C)

gl

Mean movements between

: |
c 40 1
o
N
20 - . )
L iN
0 . .
Field Aquarium

Trial Type

Figure 4.2: Mean differences in (a) aggressive attacks ospecifics, (b) number of feeding strikes, and
(c) number of movements between horizontal zoretsyden large and small newly-settRamacentrus

amboinensisin simple paired groups, during field and aquarivals
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4.4, Discussion

In conventional predator-prey scenarios involvingjregle predator and prey, the
outcome will largely be determined by the prey'spbtype and how it fits into the
predator's selective profile (Hare and Cowen 198®ice et al. 1997). However,
relationships can become more complex in multi-psegnarios, where behavioural
interactions between prey individuals may work todify the influence of predator
selection and determine the eventual outcome (Haiett al. 1994). For prey species
with significant grouping tendencies during part @t of their life history, these
behavioural interactions amongst individuals widhsequently modify the effect that a
predator may have on the prey population. Thigysghows how interactions between
prey individuals can alter relative behaviour, ispgecies known to commonly recruit in
small conspecific groups. We found significantfeliéénces in behaviour between
individuals that differed in relative size in bo#guarium and field trials. In both
situations large fish were behaviourally dominamtrosmaller fish within simple paired
groups, exhibiting higher feeding rates and morgregsion towards the conspecific.
Findings indicate that the strict hierarchical systin these coral reef fish is based on
body size, and suggest that the associated bemalidifferences could alter prey
vulnerability and influence predator selectiontet time of settlement.

The social interactions within the pairs of fishiveato reef based-predators
highlighted that larger individuals within the paimade more feeding strikes and were
more aggressive towards conspecifics than theirllemeounterparts. The findings
reinforce a common pattern in the literature (&gmour et al. 2005; Xiaowei et al.

2007; Montero et al. 2009) and emphasise the sized nature of the dominance
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hierarchy during this critical period in the corekf fish life cycle. These size-related
behavioural differences could have implicationsrigative growth rates within a group,
with larger individuals gaining a further size adisge by securing a greater share of
food resources and maximizing growth (Cubitt et28108). This also highlights the
potential for differences in vulnerability to préda based on prey behavioural
characteristics associated with relative body sime its phenotypic covariates (see
Kerrigan 1996). Although this does not entirelgadiunt the role of ‘personality traits’ in
influencing hierarchical position, it does suggéstt intrinsic behavioural factors may be
closely related to body size during this particlifar stage.

The predominant theory in the literature is thagéa, dominant individuals are
less susceptible to predation, decreasing themerability by occupying optimal habitat
and aggressively forcing smaller subordinate irtligls into more ‘risky’ sub-optimal
habitats or behaviours (Gilmour et al. 2005; Myreaal. 2007). For example, in a study
of feeding site selection by Willow Tit$érus montanus), Koivula et al. (1994) found
that socially subordinate individuals were freqlerfbrced to feed in more ‘risky’
locations due to competitive interference from dwmamis. If this mechanism were
operating in our system, it would be expected thdiordinate smaller fish would be
forced to feed further away from more ‘optimal’ abhabitat occupied by the larger
conspecifics (given that a greater distance frogltehis assumed to be associated with
increased vulnerability to predation). Althoughr oecordings produced no evidence of
this in either of our experiments, it may well B®tt such differences in risk taking
behaviour are not evident unless subjected toexdpredation threat. In a study of the

influence of body condition on the behaviour andvsal potential of newly settled

79



Thalassoma bifasciatum (Bluehead wrasse), Grorud-Colvert and SponauglégRfound
individuals of higher body condition to exhibit eask taking behaviour when exposed
to a simulated predation threat. This indicated the effects of hierarchical dominance
within a group may indirectly influence vulnerabjliby forcing subordinate individuals
to take higher risks in the presence of a preddtiogat, in order to maximize their share
of the available resource.

Vulnerability to predation may also be indirectglated to lower feeding rates
experienced by smaller individuals as a resultggfrassion from dominant conspecifics.
In order to secure adequate resources, this déjprivaf feeding activity could induce
‘risky’ behaviour in subordinate individuals durirguboptimal situations (e.g. when
under threat of predation; Vehanen 2003; Borchgrdimd Magnhagen 2008). Although
the tendency of fish to take risks was not assesstds study, this is a potential source
of differential vulnerability in this system givahat larger individuals were found to
have significantly higher feeding rates and wegmnificantly more aggressive towards
conspecifics. In Chapter 3, smaller individualgeveelectively removed by two species
of opportunistic fish predatorTialassoma lunare and Synodus dermatogenys) when
given a choice of prey sizes. Although smalleypsere selected, both predator species
were morphologically capable of ingesting much éargized prey. Rather than this
pattern being a result of direct predator prefeeeiogvards smaller individuals, it is more
likely that behavioural differences such as thosscdbed above, make smaller
individuals in a group more vulnerable to this fapfrpredation.

An assumption underlying many laboratory experirsgstthat the balance of

processes influencing survival will be the saméase natural field situation, so results
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from the laboratory may be able to inform us alibatprocesses that generate patterns in
the natural world (Geiser et al. 2007). Seldomhis tassumption tested. We found
significant differences in fish behaviour betwegal$ run on open patch reefs in the field
and on coral habitat within aquaria. Feeding raté horizontal movement were both
found to be significantly higher in aquarium trith&n in the field. Although differences
in feeding rate can be largely discounted due ¢anhbility to standardise the amount of
food available between trial scenarios, the difiees in movement could have
significant ramifications for the results of pradattrials run within the confined spaces
of aquaria. The expected result would be an ovaredease in predation rate, with the
increased movement making fish more susceptibjgddator attacks in general. Such a
mechanism would help to explain the elevated predattes recently found in Chapter
2. Predation pressure in laboratory experiments mach higher than that experienced
by fish on field-based patch reefs. This enharmedation potentially had the effect of
masking selective processes that may have beernlyindethe predatory interactions
during these experiments.

Alternatively, the decreased movement of fish foundthe field may be an
experimental artifact resulting from the presenteamba divers. In order to accurately
record feeding strikes divers were positioned apprately 1.5 m from the coral head
shelter, well within the field of view of the expmental fish. In contrast, during the
aquarium trials observers were obscured from thle'diview behind plastic sheeting.
Although open observational methods have previoushen used in field based
assessments of fish behaviour (Mero 2009; Meeka it press), this is a potential bias

that is difficult to completely discount. Despitgs, the results of this study highlight the
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potential for certain behavioural differences betwdield and aquarium experiments in
this system, and care should be taken when attegpdi extrapolate aquarium based
findings into a natural context (e.g. Chapter 2).

The present study shows how behavioural charattsrigvithin newly settled
coral reef fishes can differ predictably betweedivituals within a group, potentially
influencing which fish are most susceptible to $fetypes of predation. The strictness
of the size-based dominance hierarchy in thesenaawdly other organisms (Fisher and
Cockburn 2006; Gherardi 2006) means that dominancksely related to relative body
size within a group. Although we did not assesw lloese size based differences are
directly linked to vulnerability, a number of ret¢estudies of this species in the same
system have shown that mortality is often strongtgatively size related (Holmes and
McCormick 2006; McCormick and Meekan 2007; Chaj@er This study suggests that
this size selective loss may be largely due to hlebavioural interaction between
conspecific within a dominance hierarchy rathemthize selective profiles of common

predators.
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Chapter 5: Smell, learn and live: the role of chemical alarm cues
in predator learning during early life history in a marine fish

Published irBehavioral Processes 83: 299-305

5.1. Introduction

The ability of individuals to detect and respondatperceived threat will have a
large influence on who is lost from a populatiohis may be particularly important
during encounters with potential predators, whenatioption of certain behaviours (e.g.
decreased foraging, increase in shelter use) nggyfisantly decrease vulnerability (Sih
1986; Spieler and Linsenmair 1999; Blumstein e2@02; Hunter et al. 2007). As such,
the capacity to detect and react appropriately poedation threat early in the predation
process will presumably be advantageous to sury@alvnes 2002). The use of anti-
predator behaviour by prey individuals can howdwerenergetically costly, with time
spent avoiding predation reducing the amount oétgpent on foraging and reproductive
activities (Sih 1980; Lind and Cresswell 2005; feieet al. 2008). From a fitness
perspective, it is therefore also advantageousetale to distinguish a ‘possible’ threat
from an ‘actual’ threat, so as to reduce the tipensreacting to false alarms.

One mechanism for early detection and recognitibra goredation threat is
through the use of alarm cues (Sih 1986; Martin &odez 2005; McCormick and
Manassa 2008). In aquatic organisms, chemical ptmtuced by damaged individuals
have been shown to provide an early warning to peciics of a predation threat
(Chivers and Smith 1998; Gonzalo et al. 2007; Wiseen2000; Mirza and Chivers 2002).

By recognising such cues and adopting anti-predagtvaviours, others in the general
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vicinity or within the group will greatly increag@eir chance of survival. One major
limitation to this mechanism however, is that theduction of the cue is secondary to an
event having already occurred. If group sizessanall, this means that there is still a
relatively high probability of being the targettbe primary predation event. As a result,
a more definitive survival advantage would be gdifiem the ability to detect and
recognise a potential predator cue before thealrattack.

The use of alarm cues to facilitate learning ofmaniy predator cues has been well
documented in a range of different animal taxa. (Bagworms, Wisenden and Millard
2001; insects, Wisenden et al. 1997; amphibiangydy@nd Mathis 1998; Gonzalo et al.
2007; mammals, Herzog and Hopf 1984; and fish, @kivet al. 1995). This is
particularly so in the case of fishes, with consjpe@larm cues and predator scents
known to play a role in teaching naive prey thenilg of potential predators (Magurran
1989; Chivers and Smith 1994, 1995; Brown et a@71Mirza and Chivers 2000; Smith
et al. 2008). In making the direct connection leswthe predator cue and danger, prey
are able to adopt anti-predator behaviours whentheerpredator is within detectable
distance, increasing an individuals probabilitysofviving an encounter. The importance
of this learning process may be particularly hesgled during periods of high mortality,
when the speed with which the connection is madprby may determine who survives
(Spieler and Linsenmair 1999).

In comparison to freshwater systems, we currentignk very little about the use
of chemical alarm cues amongst marine fishes. Wflatpublished work has been done
has focused entirely on adult life stages (Smitth &mith 1989; Smith 2000; Larson and

McCormick 2005; McCormick and Larson 2007; McCorkniand Larson 2008;
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McCormick and Manassa 2008), with no attention @agiven to earlier or transitional
life stages when predation pressures are signtfichigher. Certainly, there is scope for
the use of olfactory senses in predator avoidancagl these early periods, given that
olfaction has been shown to assist larval reefifidoming in on appropriate reef habitat
during the settlement process (Arvedlund et al.919%ra 2008). The utility of alarm
cues in predator avoidance and learning processpariicularly high during the period
immediately following settlement to the reef enwineent in coral reef fishes. During
this stage, ‘reef naive’ individuals are subjectedextremely high levels of predation
(Doherty et al. 2004; Almany and Webster 2006) ant rapidly learn to recognise and
react appropriately to predation threats in a cetepf novel system. A recent study by
McCormick and Holmes (2006) has shown that indialdware able to acquire knowledge
from prior predation experiences during this persd translate this into a survival
advantage during future predatory encounters. Kewehe mechanism underlying this
acquired learning is currently not known. Althouighs possible that the coupling of
chemical alarm cues plays some role in this prockss to the mechanism’s prior
documentation in later life stages, it is presenthknown at what stage in development
the mechanism becomes functional.

This study investigated the use of chemical alawescin the anti-predator
response of a common coral reef damselfBbmacentrus amboinensis, during the
period immediately following settlement. Using agum-based observation trials, we
examined whether chemical cues released by danamespecifics and heterospecifics
elicited an anti-predator response amongst indatlgjuand if so, how the behavioural

response was characterised. Additionally, we eradthiwhether conspecific alarm cues
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were a mechanism by which fish could learn the tsoémovel predators. Due to the
extreme predation pressures placed on fish duimg life history period, and the
ecological importance of a rapid learning mechanisdividuals were given a single
exposure to a paired alarm/predator scent cueréddfeing retested with the predator

scent alone the following day.

5.2. Materials and Methods
Study site and species

This study was conducted at Lizard Island (14°40&5°28’E), northern Great
Barrier Reef (GBR), Australia during November angcBmber of 2006 and 2007. The
laboratories and flow through salt water aquariwstesn at Lizard Island Research
Station was used to conduct all experiments, wisle were collected from surrounding
waters.

The common damselfisRomacentrus amboinensis was used as the prey species
for all experimental trials. This species is coomwithin coral reef fish communities
within the Indo-Pacific, particularly in the cent@BR. They settle to a wide variety of
habitats on the northern GBR, but are found in ésgtdensities associated with small
reef patches at the base of shallow red?samboinensis has a pelagic larval phase of
between 15 — 23 days and settles at 10.3 — 15.5taimdard length (Kerrigan 1996) with
its juvenile body plan largely complete (McCormiek al. 2002). Once settle®.
amboinensis is site attached, making it an ideal species fgreemental manipulation.

They recruit in substantial numbers at Lizard Idlamound the new moon during the
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austral months (October — January), and are eedliigcted at the time of settlement with

light traps (Milicich and Doherty 1994).

Fish collection

Settlement stagP. amboinensis were collected using light traps (see Meekan et
al. 2001 for design) moored overnight close tordef crest, and transported back to the
Lizard Island Research Station at dawn. Fish wetlected using this method so as to
keep them naive to all reef-based processes ahgmees. All fish were maintained in
25L flow-through aquaria systems for ~24 hours, &ul newly hatchedrtemia sp.
twice per day ad libitum to allow for recovery frahe stress of capture. Growth during

this period was negligible.

Experimental aquaria

Experiments were conducted in transparent 12L 8230 x 200 mm) aquaria
with flow through sea water. Two artificial bramet Acropora corals (moulded resin;
item no. 21505; Wardleys/TFH, Sydney; dimensions:x111.5 x 5 cm) were placed
against one end of the tank for shelter, and desiaigstone was placed at the other end.
A 1.5 metre length of plastic tubing was attachedhe airline to allow for the injection
of potential chemical cues into the aquaria withdigturbance. The end of the tubing
was attached just above the airstone, enablingl rdigpersal of the extracts throughout
the aquaria. All aquaria were maintained under@pmately 12L :12D photoperiod,
with a constant flow of seawater until the commeneet of trials. Observations were

conducted from behind a black plastic barrier toidhuman disturbance.

87



Stimulus preparation

Potential conspecific chemical alarm cues were aegpusing skin extracts taken
from settlement stagB. amboinensis collected in light traps. Potential heterospecifi
alarm cues were prepared using skin extracts tdk@n adult Apogon cyanosoma
(Apogonidae), collected using clove oil from sumding reefs. All collectedA.
cyanosoma were maintained in aquaria for 24 hours priorxpegiments to remove any
residue clove oil. This extract was used to testavioural changes that may result from
exposure to an extract of any injured fish.cyanosoma live in similar reef habitat te.
amboinensis, but are ecologically and phylogenetically distin€he donor fish were
sacrificed by cold shock and placed into a cleani pesh. A fresh scalpel blade was
used to make seven superficial vertical incisidoageach flank. Incisions damaged the
skin but caused minimal flesh damage. Extractsewsandardized by body area,
meaning that two sacrifice. amboinensis were rinsed in 15 ml of seawater for each
conspecific extract, while a single. cyanosoma was rinsed in the same amount of
seawater for each apogonid extract. Extracts wieea filtered through filter paper
(125mm @, qualitative 1) to remove any solid p#&sc(e.g. scales), and drawn into a
disposable 60 ml syringe for injection into the esimental aquaria. All extracts were
used within 20 minutes of preparation, as they toage potency if frozen or stored for
long periods (Smith 1989).

Novel predator scents were prepared using adultylmiotks, Pseudochromis
fuscus, collected from surrounding reefs.P. fuscus is a known predator of.
amboinensis once settled to the reef habitat. However, atpbiat of capture in this

study,P. amboinensis are yet to settle, and hence are assumed to bple®hy naive to
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any cues or potential stimuli producedmyfuscus. Immediately following collectior®.
fuscus were placed into acclimation aquaria for 36 haoghat any fecal matter could
pass through the system and prevent contaminatidheofinal stimulus. Fish were
subsequently placed into individual 6L aquaria Witsh seawater for four days. The
seawater was not changed during this period, buarém were provided with constant
aeration. Fish were not fed throughout the engineess, again to prevent fecal matter
from contaminating the final stimulus. At the ewoidthis period, the water was drawn
from the aquaria and frozen in 60 ml portions umied in experiments. At the end of the
experimental perio®. fuscus were fed ad libitum a commercial fish diet ancasled at

the point of capture two days later.

Experiment 1 — Presence of conspecific alarm cue

The behavioural response of fish to three diffestimulus treatments was tested:
a conspecific skin extract, a heterospecific skitraet, and a salt water control. The
heterospecific extract was used to determine whethere were any generalized
behavioural responses to any injured fish, whike salt water stimulus allowed us to
control for any behavioural changes resulting friw@ injection of any stimulus into the
experimental aquaria. Trials consisted of a 10uteipre-stimulus and a 10 minute post-
stimulus observational period.

Individual P. amboinensis were placed into experimental aquaria and left to
acclimate for 24 hours. Flowing seawater and @orisderation were provided during
this period, and fish were fed twice daily with hgwatchedArtemia sp. Immediately

prior to the trial period, the water flow was tudneff and 10 ml of extrértemia sp. was
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added to the aquaria to stimulate feeding. 60 fnslati water was slowly drawn out of

the stimuli injection tubing using a disposableirsye and discarded to remove any
stagnant water from within the line. An additio68l ml of salt water was drawn out and
kept within the disposable syringe.

The behaviour of the single fish within each acmavas first recorded for a 10
minute pre-stimulus period. At completion, 15 mfl e experimental stimulus
(conspecific skin extract, heterospecific skin agtror saltwater control) was injected
into the tank via the injection tubing, immediatébllowed by the 60 ml of saltwater
previously removed from the aquaria to flush themglus into the aquaria. The
behaviour of the fish was then recorded for a frttD minute period. Dye trails (using
food colouring) showed that it took a mean of 58osels (+ 4.2 seconds) for the stimulus
to disperse evenly throughout the aquaria. Behmalambservations were carried out by
two observers sitting behind a black plastic barise as to avoid disturbing fish during
the trials.

A total of seven different behavioural traits weeeorded for each fish during
each observational period: (1) number of feedimdiest; (2) number of ‘bobs’; (3) time
spent in shelter; (4) number of movements intotdfushelter; (5) amount of horizontal
movement outside of shelter; (6) distance fromtsheand (7) vertical position in water
column. The number of feeding strikes was recordedhe total number of strikes
(successful or unsuccessful) made by an individiuaing each 10 minute observation
period. The number of ‘bobs’ was recorded as thal humber of defined upward or
downward bobbing movements by an individual witthia period. Although its function

is unknown, juvenild®. amboinensis undertake a bobbing behaviour, consisting of short
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sharp vertical movements in the water column. slpossible the behaviour serves a
purpose in either predator detection or avoidamad @ such, it was recorded in this
study.

Every 15 seconds the fish’s horizontal distancenfghelter and vertical position
in the water column was recorded. If the fish wathin the confines of the branched
shelter, its horizontal position was recorded a$-fbm this data, measures of time spent
within shelter, average distance from shelter ameregge vertical position within the
water column were obtained. To obtain an estinwtespace use, in the form of
movement in and out of shelter and horizontal moy@moutside of shelter, the
experimental aquaria was divided up into a seridsazontal zones. The first zone was
set at the outside edge of the branching coralteshednd they continued at 50 mm
intervals along the horizontal axis, away from shelter. The number of times a test fish
moved both in and out of shelter and between hotat@ones outside of the shelter was
recorded during each observational period.

A new fish was used for each separate observaimrahd water was changed in
each aquaria after the completion of each trial.tofal of 45 observation trials were
conducted over the duration of the experiment, tBnfeach of the three stimulus

treatments.

Experiment 2 — Learning of a novel predator scent

The second experiment aimed to identify whethevenéish were able to learn to
associate a novel scent with danger, after prelydasming exposed to a potential alarm
cue paired with the novel scent. This experimesgdunew fish collected in light traps

and consisted of three separate observationalgseedonducted over three days. On the
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first day, fish were exposed to a single paireds@néation of both a skin extract (fish
were conditioned with either a conspecific or heseecific stimulus treatment) and a
novel predator scent (i.e. tRefuscus tank water, not previously associated with danger)
On the second day, fish from both condition treattmevere exposed to the novel
predator scent only, to determine whether they leadhed to associate the cue with
potential danger after a single exposure on theique day. On the third day, fish were
exposed to a salt water control, to determine wdreéimy behavioural changes were a
result of a learned response to the injection me¢®lathis and Smith 1993).

As in experiment 1, individuaP. amboinensis were placed into experimental
aquaria and left to acclimate for 24 hours priothe first trial day. The maintenance,
feeding and experimental regime followed that gfeskment 1, with the same 10 minute
pre-stimulus and 10 minute post-stimulus obsermapimtocol used on each day. Seven
behavioural traits (number of feeding strikes, nembf ‘bobs,’ time spent in shelter,
number of movements into/out of shelter, amounhofizontal movement outside of
shelter, distance from shelter, and vertical positin water column) were recorded
during these observation periods, as in the preveperiment.

Immediately prior to the observation period on edaf, 60 ml of salt water was
drawn out of the stimuli injection tubing using espbsable syringe, and discarded to
remove any stagnant water from within the line. a&ditional 60 ml of salt water was
drawn out and kept within the disposable syrindée water flow was again turned off
and 10 ml of extrértemia sp. was added to the aquaria to stimulate feeding.

The chemical stimulus injected into the aquariavieen the pre and post-stimulus

observation periods, differed on each of the thobservation days. During trials

92



conducted on the first day, fish were exposed ® afrthe following pairs of stimuli: 15
ml conspecific skin extract (potential alarm cuedl 45 mlP. fuscus scent (novel cue) —
“Conspecific Paired Cue”; or 15 ml heterospecifiinsextract (control for alarm cue)
and 15 mlP. fuscus scent — “Heterospecific Paired Cue.” On the sdoday of trials,
fish from both the “Conspecific-” and “HeterospécifPaired Cue” treatments were
exposed to 15 ml of the predator scent only — “@endic + Predator Cue” and
“Heterospecific + Predator Cue.” During trials canted on the third day, all fish were
exposed to 15 ml of salt water control only — “Qumedfic Control Cue” and
“Heterospecific Control Cue.” On each occasiorge thjection of the stimulus was
immediately followed by the injection of the 60 ofl salt water previously retained, in
order to flush the stimulus through the injectiorel Between trial days all fish were fed
twice daily onArtemia sp., and water flow was returned to all aquariarteure that all
residue stimulus was flushed from the system.

The three day trial process was conducted on &db0 separate fish over the
duration of the experiment, 15 from each of the tsiginal conditioning treatments (i.e.

conspecific and heterospecific).

Analyses

Changes in the seven prey behaviours were caldulaééwveen pre and post-
stimulus observation periods. These values wenmepaoed between treatments within
each experiment using a multivariate analysis afamae (MANOVA). Canonical
discriminant analyses (CDA’s) were performed focle@xperiment to determine how
fishes differed between treatments with respechtnges in the seven behavioural traits.

Trends in the behavioural variables are represeasedectors which are plotted on the
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first two canonical axes, together with treatmeantmids and their 95% confidence
clouds (Seber 1984). The assumption of multivanmedrmality was examined before the
analysis. To further explore the differences betwéreatments one-way ANOVA's
(Experiment 1) and repeated measures ANOVA'’s (Erpart 2) were used to identify
significant differences within individual behaviguof interest. Any differences were
further examined using Tukey’'s HSD means comparigsts. Residual analysis was

used to examine the assumptions of normality atetbdgeneity of variances.

5.3. Results
Experiment 1- Presence of conspecific alarm cue

There was a significant difference in the overathrege in behaviour in response
to the chemical stimulus among the three alarm ¢wmatments (conspecific,
heterospecific and saltwater control; Pillai’'s Teaczo= 0.6531, p = 0.0078). The CDA
visually shows a clear separation of the threetrtreats into two distinct groups with
respect to the seven behavioural measurements, tigthconspecific treatment being
separate from the heterospecific and saltwater rabnteatments (Fig. 5.1). This
differentiation is largely due to differences inetmumber of feeding strikes, with a
suggestion that the number of movements in/outhefter may also play a minor role.
These two behaviours were analysed individualngshNOVA's, and the sugestion
was statistically confirmed, with exposure to thenspecific alarm cue causing a
significantly greater change in the number of fagdstrikes than the heterospecific and
saltwater controls (F 4 = 10.839, p = 0.0002; Table 5.1). The introductminthe
conspecific skin extract caused a large reductiothé number of feeding strikes (mean

27.21 strikes 10 mih less), whilst both the heterospecific and saltwatmntrol cues
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caused only minor reductions (mean 4.27 and 6ilesti0 mift less, respectively; Fig.
5.2). There was however no significant differerioethe change in number of

movements in/out of shelter between treatments{F 1.983, p = 0.1504).
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Figure 5.1: The behavioural response of newly metamorph&seahcentrus amboinensis to conspecific,
heterospecific and control alarm cu@scanonical discriminant analysis compares the biel@al changes
between pre and post-stimulus periods for the tbheeical cue treatments tested in Experiment 1:
Conspecific skin extracts, Heterospecific skin &sts and Saltwater Control. Vectors represent the
direction and intensity of trends in the prey bebass: feeding strikesaj, bobs b), movement in/out
shelter ¢), movement between zona,(time in shelterd), distance from sheltef)( position in water

column ). The circles represent 95% confidence intervals.
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Table 5.1: Summary of one-way ANOVA'’s comparing changesehéviour for each of the three
chemical cue treatments (conspecific, heterospeaifd saltwater control) during Experiment 1. holes

significance at p = 0.025 (incorporating Bonferroairection).

Behaviour Source DF MS F p
Feeding Treatment 2 2235%.9 10.839 0.0002*
Error 40 209.97
Movement (in/out shelter) Treatment 2 115.467 1.983 0.1504
Error 42 58.235
10
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Figure 5.2: Comparison of the mean change (+ SE) in the numbfeding strikes between pre and post-
stimulus periods made Bomacentrus amboinensis tested in each of the three chemical cue treasnent
(Conspecific, Heterospecific and Saltwater Contiolexperiment 1. Alphabetic notations (a, b) deste

significantly different groups as determined by &yl HSD means comparisons tests.

Experiment 2— Learning of a novel predator scent

We found a significant difference between the olvgpee and post-stimulus
behaviour between the six chemical cue treatmd?itii(s Traces, sgo= 0.6175, p =
0.0307). The CDA shows the chemical cue treatmentse split into two groups with
respect to the seven behavioural measurements,thgttConspecific Paired Cue,” and
the “Conspecific + Predator Cue” from the conspedrbatment separated from the other
four (Fig. 5.3). This treatment separation indisatieree important results. Firstly, the

introduction of conspecific skin extracts had chahghe fish’s behaviour, with a
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reduction in activity. Secondly, that once fishdHzeen exposed to the novel predator
scent and a conspecific skin extract together, thagted to the predator scent on its own
with a similar reduction in activity. Thirdly, théish exposed to the novel predator scent
without being conditioned with the conspecific skaxtract did not change their
behaviour. The significant differentiation betwegoups again appears to be largely due
to differences in the number of feeding strikesweetn treatments. Differentiation
between treatments for this behaviour was furtlxamened using a repeated measures
ANOVA. This confirmed the suggestions obtainednfrthe CDA, with a significant
difference being shown in the change in numbereefling strikes between treatments
(F2, 52 = 3.81049, p < 0.0289). In this case, individuaded in both the ‘conspecific-
paired cue’ and the ‘conspecific-predator cue’ldrimom the conspecific treatment had
significantly fewer feeding strikes after being egpd to the stimulus (mean 46.53 and
47.8 strikes 10 minsless, respectively), than those used in the dithertreatments (Fig.
5.4). Changes in the number of feeding strikeggponse to the ‘saltwater cue’ from the
conspecific treatment, and the heterospecific gghitue,’” ‘predator scent only cue’ and

‘saltwater cue’ treatments were negligible.

97



CVA1 (71.92%)

CV2 (18.91%)

Figure 5.3: Importance of chemical alarm cues to learning @i@dscents. A canonical discriminant
analysis compares the behavioural changes betweeanp post-stimulus periods for the six chemical ¢
treatments tested in Experiment 2: ConspecificédafCPa: day 1 conspecific cue + predator scent),
Conspecific-Predator (CPr: day 1 conspecific cymeelator scent, day 2 predator cue), Conspecific-
Control (CC: day 1 conspecific cue + predator sagay 2 predator cue, day 3 saltwater control),
Heterospecific-Paired (HP: day 1 heterospecific€peedator scent), Heterospecific-Predator (HRy. H
heterospecific cue + predator scent, day 2 predatey and Heterospecific-Control (HC: day 1
heterospecific cue + predator scent, day 2 predaterday 3 saltwater control) (see methods faaildet
description). Vectors represent the direction iabehsity of trends in the prey behaviours: feeditrikes
(a), bobs b), movement in/out sheltec)( movement between zona},(time in shelterd), distance from

shelter f), position in water columrgf. The circles represent 95% confidence intervals.
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Figure 5.4: Mean change (x SE) in the number of feeding strisetween pre and post-stimulus periods
made byPomacentrus amboinensis tested in each of the six chemical cue treatm@usspecific Paired,
Conspecific Predator, Conspecific Control, Heteea#fic Paired, Heterospecific Predator and
Heterospecific Control) in Experiment 2. Alphabetbtations (a, b) designate significantly differen

groups as determined by Tukey’'s HSD means comperitasts.

5.4. Discussion

The ability to recognise and alter behaviour irpoese to a predation threat will
greatly increase an individual’'s probability of wwal (Sih 1986; Brown and Laland
2003). Although anti-predator responses can varywden groups, species and
ecosystems, they typically involve decreases inadimry rate and space use,
grouping/schooling behaviour, and/or an increassheiter usage (Stauffer and Semlitsch
1993; Chivers and Smith 1998; Griffiths et al. 1p9he results of this study show that
the newly settled reef fisBomacentrus amboinensis, significantly alters its behaviour in
response to a conspecific chemical alarm cue, byedsing its feeding rate. In addition,

individuals were able to learn and respond to aipusly novel predator cue by pairing it
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with the conspecific alarm cue. After only a singbgposure to the novel predator cue
pared with a conspecific cue, fish showed a behaglachange consistent with the first
experiment (reduction in feeding rate) when retésigh the predator cue only. The lack
of behavioural change in response to the novelgboedscent during the heterospecific
treatments indicate that fish had no innate respanghe novel scent on its own. Our
findings show that alarm cues may play a key rolehe learning process of naive
recruits during the hazardous early post-settlerpenbd in coral reef fishes.

A recent study found that experience acquired thinoaxposure to predation
during the early post-settlement period signifibamcreased an individual’s probability
of survival in the field (McCormick and Holmes 2Q06The results of the current study
suggest that this process of acquired learning bmyargely due to the pairing of
conspecific alarm cues with a predator scent. gdigng of this cue potentially allows
prey to identify when a predator is in the genetainity, through olfactory reception,
and initiate anti-predator behaviours at an earbtage in the predation process.
Although this relationship has been identified dgrithe larval stage in amphibians
(Kiesecker et al. 1996; Gonzalo et al. 2007), a agein later life stages in a number of
freshwater (e.g. Brown et al. 1997; Mirza and Chsv2000; Smith et al. 2008) and one
marine fish (Larson and McCormick 2005), this ie finst time that it has been identified
at such an early and critical life stage in theine@environment.

The presence of this learning mechanism during ¢y juvenile stage is of
particular significance for a number of reasonse period immediately after settlement
from the larval life stage is characterised by e@xiely high levels of mortality for

organisms with complex life histories, with estiegbf mortality of over 56% within the
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first 2 days (Gosselin and Qian 1997; Almany andoSter 2006). For coral reef fishes,
much of this mortality is caused by small site @it fish predators (Carr and Hixon
1995; Holbrook and Schmitt 2002; McCormick and Maek2007). The speed with
which individuals are able to acquire knowledge tbese predators, and react
accordingly, will have a large influence on whol@st and who persists within a
population (Wisenden et al. 1997; Brown and Chiv&086). Our study indicates that
newly settled fish are able to make this link aétesingle exposure to the paired chemical
cue, suggesting that this mechanism provides ameregty effective method of
knowledge acquisition during this early period. Taet that this knowledge is acquired,
rather than hereditary, is also advantageous, @atws individuals to mould their anti-
predator responses to the particular suite of poesl@around them. Given that many coral
reef fish possess a highly dispersive pelagic last@ge, and that the composition of
predatory communities can differ greatly over blottal and regional scales (Holmes and
McCormick 2006), the predator community into whiakividuals of the same species
settle has the potential to differ considerablye Bbility to adapt to variation in predation
threat through a single exposure to the predatey, cather than be constrained by
genetically inherited anti-predator responses, wdid advantageous to both fithess and
survival (Brown and Chivers 2006).

The response of newly settlddl amboinensis to conspecific skin extracts
involved a substantial and significant reductiofeieding rate. However, it did not affect
shelter use or movement patterns, two other bebealichanges commonly linked to
anti-predator responses. For example, in a studiiebehaviour of western toaBufo

boreas) tadpoles, Kiesecker et al. (1996) found a reduacin activity and an increase in
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shelter use in response to olfactory predation.cuBsnilarly, Hirvonen et al. (2007)
noted a decrease in activity and increase in shefte by the noble crayfisi\gtacus
astacus) when in the presence of the odour from the pmgaEuropean eelAhguilla
anguilla). This lack of change with respect to these oliedraviours in our study may be
related to the newly metamorphosed state of tlietfiat are not only naive to reef-based
predators, but also to their benthic environmeris perhaps not surprising therefore that
newly metamorphoseB. amboinensis do not show significant retreat to shelter within
foreign and novel 3-dimensional environment.

There will be strong selective pressure on setimgae of all organisms to learn
to identify and avoid the predators in their newismment; individuals who survive
initial, unsuccessful predation attempts and leiom this experience will have a
survival advantage (Kristensen and Closs 2004; Mefxk and Holmes 2006). Detailed
field observations on the ontogenetic behavioun#tssthat occur immediately around
settlement have shown that many species go thrauginsition period of hours to weeks
while they adopt behaviours displayed by juven{dsCormick and Makey 1997). More
extensive antipredator responses are predictecvelap with greater experience with
the benthic habitat and community. In an investigabf variation in the response of
fathead minnow Rimephales promelas) to alarm cues, Pollock et al. (2006) found
behavioural reactions to differ with ontogeny. Whexposed to the alarm cue,
larger/older individuals exhibited significantly creased anti-predator responses in
comparison to smaller/younger minnows during the-beeding season. This same
relationship may be present in the marine systeith, yjounger newly settled individuals

displaying a weaker anti-predator response in coisgato older individuals of the same
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species. As experience of predatory events incseagh age, so to will the knowledge
of appropriate anti-predator behaviours.

Within aquatic systems, chemical cues have beewrsho play a large role in
both knowledge acquisition and knowledge transfaoregst individuals within close
social groups (e.g. social learning; Brown and bdl2003; Ferrari et al. 2007). Given
the rapidity and efficiency with which knowledge afpredation threat was acquired by
individuals through chemical means in this stutlis reasonable to suggest that chemical
signals may play a wider role within the commuratplogy of newly settled fish outside
of this function (e.g. social learning, habitatestion, foraging). However, to date this
remains largely unstudied in marine systems. @udysadds significantly to our current
understanding and provides an insight into the raeisims of knowledge acquisition and

predator recognition during a high mortality perindnarine fishes.
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Chapter 6: Response across a gradient: behavioural reactions of
newly settled fish to predation cues

Accepted afAnimal Behaviour

6.1. Introduction

The manner and intensity with which an individuasponds to a perceived
predation threat can greatly influence the prolighaf survival (Rhoades and Blumstein
2007). The effects on survival can be both dirgcyugh behaviourally induced changes
in vulnerability to the threat (Sih 1986; SpielerdalLinsenmair 1999; Blumstein et al.
2002; Hunter et al. 2007), and indirect, througharades in body condition arising from
associated behavioural trade-offs (e.g. decreastramging time; Amo et al. 2007,
Sunardi et al. 2007; Cresswell 2008; Heithaus et2@08). If individuals react too
strongly to a weak or irrelevant threat, the costyrbe an unnecessary loss of overall
fitness. On the other hand, if individuals react tveakly, or not at all, to a strong threat,
the cost may well be death. It is therefore adwgewus to detect the relevance and
strength of a predation threat before choosing @rapriate response (Helfman 1989;
Godin 1997).

There are a number of methods that can be usdekiddtection and recognition
of predation threats. These include visual (Amale2006; Collier et al. 2008; Lohrey et
al. 2009; McPhee et al. 2009), acoustic (Durant02@umstein et al. 2008), olfactory
(Amo et al. 2006; Gonzalo et al. 2008; Roth e2@D8) and seismic means (Warkentin et
al. 2007; Lohrey et al. 2009). In aquatic orgarssoifactory, or chemical, cues are a key

source of threat information (Sih 1986; Mathis afidcent 2000; Chivers et al. 2001;
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McCormick and Manassa 2008; Kim et al. 2009). Qbey cues have the advantage
over other threat cues because they are availa@blg i@ the predator-prey interaction
sequence, often well before an initial encounteh\ai predator has occurred. However,
their utility later in the predation process (ioaice prey have been visually engaged by
the predator) is arguable, due largely to the ikadbt slow rate at which these cues travel
in an aqueous environment. Once the predator tasted the capture sequence, visual
cues may play a larger role in the threat detegiimcess, particularly during interactions
with non-cryptic predators (Brown and Magnavacc@30

With respect to olfactory and visual cues, the llesfethreat posed will be a
function of whether the cue is a recognised predathreat, and its relative strength
(assessed as cue concentration or source distaaspectively). Although the
identification of relevant cues is often innate r{fissch and Gavasso 1992; Kiesecker
and Blaustein 1997; Hawkins et al. 2007), or canasquired through experience
(Chivers et al. 1995; Woody and Mathis 1998; Larsmad McCormick 2005), how
individuals respond to different levels of theseynvary. In some circumstances, the
intensity of the response may be proportionatdé¢olével of the threat detected (‘threat-
sensitive’ response; Mathis and Vincent 2000; Qisivet al. 2001; Mathot et al. 2009).
Alternately, individuals may choose to respond tbhraat only when it is above a certain
threshold level (‘threshold’ response; Mirza andvets 2003; Roh et al. 2004; Brown et
al. 2006). In this case, the lower levels aredesmed threatening enough to warrant any
investment in a response (Brown et al. 2004). H@wealthough some focus has been

given to the response of prey to differing predatioreat levels in freshwater systems, to
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date this has received little attention in the marenvironment (see Helfman 1989 for
exception).

In coral reef fishes, the period immediately follog settlement to the reef
environment is characterised by extremely highlewé mortality (Doherty et al. 2004,
Almany and Webster 2006). The intense predati@squres present during this stage
mean that individuals must quickly learn to respapgropriately to authentic predation
threats or face death. We already know that thaten recognition of olfactory alarm
cues released by damaged conspecifics plays dtdeas role in this process (Chapter
5). However, the function of visual cues in threstognition during this early period is
largely unknown. Given the generally high claofywater on coral reefs, and the degree
of development of visual acuity in settlement stéigh (at least over short distances;
Losey et al. 2003; Siebeck et al. 2008), it is oeable to suggest that it may play a role
at some point in the predation process. It is ehfgugh understanding how individuals
identify and respond to potential predation threhtt we can fully comprehend the
mechanisms of survival during this potentiallyicat life stage.

This study examines the behavioural response @fnéwly settled coral reef
damselfishPomacentrus amboinensis, to varying levels of olfactory and visual predati
threat cues. Previous work indicates that thiiggeis able to recognise conspecific
chemical alarm cues during this early life stagel eesponds accordingly by decreasing
its feeding rate (Chapter 5). However, it is unkndwow fish respond to potential visual
alarm cues (i.e. presence of a potential predaithirmthe prey’s visual field) or whether
they possess an innate recognition of predatotiigien this unfamiliar reef system. We

used controlled aquarium experiments to manipuldte exposure of reef-naive

106



individuals to both a range of concentrations ofspecific chemical alarm cue, and
potential visual predation cues over a range dbhdies. Specifically, we aimed to: 1)
identify the behavioural response of a naive neselyled individual to a potential visual
predation cue, and whether this differs in respottseredatory and non-predatory
individuals; and 2) identify how behavioural respes to both visual cues and

conspecific chemical alarm cues change across@aotmation/distance gradient.

6.2. Materials and Methods
Study site and species

This study was conducted at Lizard Island (14°4Q'8,°28'E), northern Great
Barrier Reef (GBR), Australia during November anecBmber of 2006 and 2007. The
laboratories and flow through salt water aquariwstesn at Lizard Island Research
Station was used to conduct all experiments, wisle were collected from surrounding
waters.

The common damselfisRomacentrus amboinensis was used as the prey species
for all experimental trials. This species is coomwithin coral reef fish communities
within the Indo-Pacific, particularly in the cent@BR. They settle to a wide variety of
habitats on the northern GBR, but are found in ésgtdensities associated with small
reef patches at the base of shallow red?samboinensis has a pelagic larval phase of
between 15 — 23 days and settles at 10.3 — 15.5taimdard length (Kerrigan 1996) with
its juvenile body plan largely complete (McCormiek al. 2002). Once settle®.
amboinensis is site attached, making it an ideal species fgreemental manipulation.

They recruit in substantial numbers at Lizard Idlamound the new moon during the
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austral months (October — January), and are eedlligcted at the time of settlement with
light traps (Milicich and Doherty 1994).

During the visual stimulus trials, the brown dotigk (Pseudochromis fuscus)
was used as the predator species, whilst the bkenglamselfishGhromis viridis) was
used as the control ‘non-predator’ speci®s.fuscus is a small (max size 72.4 mm SL)
cryptic solitary pursuit predator commonly found small coral bommies or along reef
edges. Itis common on shallow reefs throughoaibtlest Pacific and Indian Oceans and
is known to feed heavily on newly settled reef éishin these habitafdartin 1994;
personal observationsX. viridis is a small reef associated planktivore commoniyntb
in large aggregations around live coral heads & \West Pacific and Indian Oceans.
Although frequently found in similar habitat and a@fose proximity to many newly

settled fish species they are not known to preynupem.

Fish collection

Settlement stage®. amboinensis were collected using light traps moored
overnight close to the reef crest, and transpobck to the Lizard Island Research
Station at dawn. All fish were maintained in 2%aw-through aquaria systems for ~24
hours, and fed newly hatchédtemia sp. twice per day ad libitum to allow for recovery

from the stress of capture. Growth during thisquewas minimal.

Experimental aquaria

Visual stimulus experiments (Experiments 1 and @)eaconducted in 24 L (280

x 255 x 350mm) glass aquaria, with flow-through seger (‘prey aquaria’). Two of the
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aquarium sides were covered in black plastic taicedexternal stimulus. A third side
was placed against a similar sized second glasariag(ipredator aquaria’) maintained
on a separate flow-through seawater line. Gladsssof both aquaria were transparent,
allowing vision between the two tanks. Howeveemovable opaque partition could be
placed between the two tanks to prevent visione furth side of the prey aquarium
was left open to allow for behavioural observatiofisvo artificial branching coral were
placed against one end of the tank for sheltere fiedator aquarium was divided into
three chambers (of approximately the same sizel gwat chambers were a minimum of
0, 100 and 200mm away from the edge of the prek, teespectively. Given that the
artificial branching coral was positioned agaif bpposite side of the prey aquaria and
that it was approximately 55mm in width, this metat chambers were 200 (minimum),
300 (medium) and 400mm (maximum) from the edgéefdrey shelter. Chambers were
separated by clear perspex, allowing vision betwtaen'prey aquaria’ and all predator
chambers.

Chemical stimulus experiments (Experiment 3) wevadccted in transparent
12L (320 x 230 x 200 mm) aquaria with flow-througba water. Three sides were
covered in black plastic to reduce external stirmuluith the fourth being left open to
allow behavioural observations. Two artificial bching coral were placed against one
end of the tank for shelter, and a single airstoas placed at the other end. A 1.5 metre
length of plastic tubing was attached to the arlio allow for the injection of extracts
into the aquaria without disturbance. The endheftubing was attached just above the

airstone, enabling rapid dispersal of the extrduisughout the aquaria.
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All aguaria were maintained under approximately 122D photoperiod, with a
constant flow of seawater until the commencementtrizfis. Observations were

conducted from behind a black plastic barrier toidhuman disturbance

Behavioural Observations

Ten minute observation periods were conducted betbre and after exposure to
the test stimulus. During each period, 7 behagiowere quantified: number of feeding
strikes, number of ‘bobs,’ time spent in sheltennber of movements into/out of shelter,
amount of horizontal movement outside of sheltéstatice from shelter, and vertical
position in water column. The number of feedingkses was recorded as the total
number of strikes (successful or unsuccessful) niadan individual during each 10
minute observation period. Similarly, the numbérbmbs’ was recorded as the total
number of defined upward or downward bobbing movasby an individual within the
period. Although its function is unknown in thigegies, juvenilé®. amboinensis possess
a distinctive bobbing behaviour, consisting of sheharp vertical movements in the
water column. It is possible the behaviour seevpsirpose in either predator vigilance or
avoidance.

Every 15 seconds, a recording of the fish’s hottabdistance from shelter and
vertical position in the water column was takehthé fish was within the confines of the
branched shelter, its horizontal position was réedras 0. From these data, approximate
measures of time spent within shelter, averagamiist from shelter and average vertical
position within the water column were obtained. obdain rough estimates of space use,

in the form of movement in and out of shelter amdizontal movement outside of
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shelter, the experimental aquaria was divided wp @nseries of horizontal zones. The
first zone was set at the outside edge of the biagcoral shelter, and they continued at
50 mm intervals along the horizontal axis, awayrfithe shelter. The number of times a
test fish moved both in and out of shelter and betwhorizontal zones outside of the

shelter was recorded during each observationabgeri

Experiment 1 - Response to visual stimulus

Before fish were added to the experimental systémremovable partition was
placed between the predator and prey aquaria. vithdil P. amboinensis were then
placed into the prey aquaria, while either a siragelt P. fuscus (known predator) or
adultC. viridis (non-predator) were placed into the closest charfbenxm distance from
prey aquaria) of the predator aquaria. Fish weiftetd acclimate for 24 hours before the
commencement of trials. Flowing seawater and emtsteration were provided during
this period, and fish were fed twice daily with ngwatchedArtemia sp. Immediately
prior to the trial period, the water flow was tudneff and 10 ml of extrértemia sp. was
added to the aquaria to stimulate feeding.

The behaviour of the single. amboinensis was first recorded for the 10 minute
pre-stimulus period. At the completion of this ¢inthe removable partition between the
predator and prey aquaria was removed and the wasyexposed to the visual cue of
either the singlé. fuscus, C. viridis or an empty chamber control. The behaviour of the
prey was then recorded for the 10 minute post-dtimperiod.

A total of 15 prey individuals were run for each tbe three predator visual

treatments.
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Experiment 2 — Response to changing visual stimutlistance

As in Experiment 1, the removable partition waascpd between the predator and
prey aquaria before any fish were added to the rempatal system. A singl®.
amboinensis was once again placed into the prey aquaria, vehdengle adulP. fuscus
was placed into one of the three predator aquédanbers. Fish were left to acclimate
for 24 hours before the commencement of trialse @&kperimental protocol followed that
of Experiment 1, except that prey fish were expogedhe visualP. fuscus cue at
distances of either 200, 300 or 400mm from the greiter. An empty chamber control
was also included in the analysis.

A total of 15 prey individuals were run for each tbhe four visual stimulus

distance treatments.

Experiment 3 — Response to changing chemical alazamcentration
Skin extracts were prepared using settlement deagenboinensis, collected in

light traps. The donor fish were sacrificed bydcehock and placed into a clean Petri
dish. A clean scalpel blade was used to make sswperficial vertical incisions along
each flank. Incisions damaged the skin but causadnal flesh damage. Sacrificed fish
were rinsed in 15ml of seawater, filtered throuidflerf paper (125mm @, qualitative 1) to
remove any solid particles, and drawn into a diaptes60 ml syringe for injection into
the experimental aquaria. Extracts were preparé&ddifferent concentrations, according
to the number of sacrificed fish rinsed in the 1®hkeawater: low (1 fish), medium (2

fish) and high concentration (4 fish). All extrswclvere used within 20 minutes of
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preparation, as they have been show to lose potérizen or stored for long periods
(Smith 1989).

Individual P. amboinensis were placed into experimental aquaria and left to
acclimate for 24 hours. Flowing seawater and @orisheration were provided during
this period, and fish were fed twice daily with hgwatchedArtemia sp. Immediately
prior to the trial period, the water flow was tudneff and 10 ml of extré&rtemia sp. was
added to the aquaria to stimulate feeding. 60 frdait water was drawn out of the
stimuli injection tubing using a disposable syringad discarded to remove any stagnant
water from within the line. An additional 60 ml e&lt water was drawn out and kept
within the disposable syringe.

The behaviour of the single fish within each acmavas first recorded for the 10
minute pre-stimulus period. At the completion listtime, 15 ml of the experimental
stimulus (low concentration, medium concentratibigh concentration or saltwater
control) was injected into the tank via the injentitubing, immediately followed by the
60 ml of saltwater previously removed from the aguaThe behaviour of the fish was
then recorded for the 10 minute post-stimulus pkeriéood colour trials showed that it
took approximately 58 seconds (+ 4.2 seconds) fier $timulus to disperse evenly
throughout the aquaria.

A total of 15 individuals were tested in each oé tfour chemical stimulus

treatments.
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Analysis

Changes in the seven prey behaviours were caldulaééwveen pre and post-
stimulus observation periods. These values wenmepaoed between treatments within
each experiment using a multivariate analysis ofiamae (MANOVA). Canonical
discriminant analyses (CDA’s) were performed focre@xperiment to determine how
fishes differed between treatments with respechtnges in the seven behavioural traits.
Trends in the behavioural variables are represeasedectors which are plotted on the
first two canonical axes, together with treatmeantmids and their 95% confidence
clouds (Seber 1984). The assumption of multivanmedrmality was examined before the
analysis. To further explore the differences benvéreatments, one-way ANOVA's
were used to identify significant differences withindividual behaviours of interest.
Bonferroni corrections were used to correct for tipld ANOVA’s on potentially
interrelated variables within a single dataset. y Alifferences were further examined
using Tukey’'s HSD means comparison tests. Residnalysis was to examine the

assumptions of normality and heterogeneity of venés.

6.3. Results
Experiment 1 - Response to visual stimulus

There was a significant difference in the overatiege in behaviour between the
three visual cue treatments (Pillai's Trages= 0.7197, p = 0.0012). The CDA shows
this separation between treatments clearly, withagority of the variation seemingly due
to differences in a combination of the number obsyahe mean distance from shelter,

mean height in the water column, the number ofZomtial movements between zones,
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and the number of feeding strikes (Fig. 6.1). E€hége behavioural characters were
further examined using ANOVA'’s, resulting in a resl alpha level of 0.01. Individuals
displayed a significantly greater increase in thenber of bobs in response to the
predator stimulus than to the non-predator androbrtimuli (R, 42 = 6.4561, p =

0.00036; Fig. 6.2), while fish exposed to both tredator and non-predator cues
decreased their mean distance from shelter signifiz more than those responding to
the control stimulus (F42= 5.9532, p = 0.0053). Although there was no $icgmt

difference between treatments with regards to tierothree behaviours, individuals
exposed to the predator and non-predator stimuleiggly had a greater decline in mean
height in the water column, horizontal movementsveen zones, and number of feeding

strikes than those exposed to the control stim{Hig 6.2).
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Figure 6.1: The behavioural response of newly metamorphd3emiacentrus amboinensis to visual
predation cues. A canonical discriminant analysimgares the behavioural changes between pre abhd pos
stimulus periods for the three visual cue treatsiéedted in Experiment 1: Predator Stimulus (Prétn-
Predator Stimulus (Non-Pred) and Empty Tank Corgthulus (Control). Vectors represent the dikatti
and intensity of trends in the prey behavioursdiieg strikes &), bobs b), movement in/out sheltec)(
horizontal movement between zoney, time in shelterd), distance from sheltef)( height in the water

column ). The circles represent 95% confidence intervals.
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Figure 6.2: Mean change (+ SD) in (a) feeding strikes, (b) bgbsdistance from shelter, (d) height in
water column, and (e) horizontal movement betweameg, between pre and post-stimulus periods by
newly metamorphose@omacentrus amboinensis tested in each of the three visual cue treatm@&redator
Stimulus, Non-Predator Stimulus, Empty Tank Con8bimulus) in Experiment 1. Alphabetic notations

(A, B) designate significantly different groupsdetermined by Tukey’'s HSD means comparisons tests.
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Experiment 2 — Response to changing visual stimutlistance

There was a significant difference in the overah&vioural change between the four
visual stimulus treatments (Pillai’'s Tragess= 0.6572, p = 0.0059). The CDA shows
distinct separation between the three visual digtastimuli (minimum, medium and
maximum; Fig. 6.3). However, the behavioural clemgn response to the control
stimulus are relatively similar to those observedhe maximum stimulus distance trials.
Differentiation between groups appears to be lgrgeksult of variation in the number of
feeding strikes, the number of bobs, the mean mtistdrom shelter and the number of
horizontal movements between zones. These fouavi@lral characteristics were
further examined using ANOVA's, resulting in a resil alpha level of 0.0125. This
showed a significant difference in both the chaimgeumber of feeding strikes {Fs=
4.2890, p = 0.0086) and mean distance from shiedteveen treatments {ks= 4.1001, p

= 0.0106). The largest behavioural changes wesergbd in the minimum distance
treatment, with a large decrease in both the nurabé&reding strikes and distance from
shelter in response to the visual cue being recb(&&. 6.4). The magnitude of the
change in feeding strikes decreased as the distemmethe predator stimulus increased
(Fig. 6.4a). Although there was no statisticalfaténce between treatments, it is
interesting to note that a similar trend was eviderthe change in the number of bobs,
with the magnitude of mean change decreasing witheasing distance (Fig. 6.4b). In
contrast, mean distance from shelter significamtgcreased only for the minimum

distance treatment (Tukey's HSD; Fig. 6.4c).
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Figure 6.3: The behavioural response of newly metamorphd3eaacentrus amboinensis to visual
predation cues over different distances. A candniliscriminant analysis compares the behavioural
changes between pre and post-stimulus period$héfdur visual cue treatments tested in ExperinZent
Minimum Distance (Min), Medium Distance (Med), Mexim Distance (Max) and Empty Tank Control
(Control). Vectors represent the direction anérnisity of trends in the prey behaviours: feedimikas$ @),
bobs b), movement in/out sheltec)( horizontal movement between zondg {ime in shelterd), distance

from shelterf), height in water columrg]. The circles represent 95% confidence intervals.
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Figure 6.4: Mean change (+ SD) in (a) feeding strikes, (b) balpsl (c) distance from shelter, between pre
and post-stimulus periods by newly metamorphd2amuacentrus amboinensis tested in each of the four

visual cue distance treatments (Minimum Distancedidm Distance, Maximum Distance, Empty Tank
Control) in Experiment 2. Alphabetic notations (B) designate significantly different groups as

determined by Tukey's HSD means comparisons tests.
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Experiment 3 — Response to changing chemical alazxamcentration

There was no significant difference in the ovelpahavioural change between the
four chemical stimulus treatments (Pillai’'s Traceso= 0.39495, p = 0.3721). The CDA
clearly shows this overlap in behaviour betweentthatments (Fig. 6.5). Despite this
lack of difference, an examination of the CDA shdwmne vector (i.e. change in the
number of feeding strikes) to be responsible fdisproportionate amount of the overall
variation. It was decided to further examine clemnign this trait using an ANOVA. This
showed there to be a significant difference indghange in the number of feeding strikes
between treatments {l4= 4.217, p = 0.0094). Those individuals exposeth®high
concentration treatment had the largest decreafiseimumber of feeding strikes, with
those exposed to the medium concentration treatstening a slightly smaller decrease
(Fig. 6.6). It is interesting to note that theseailarge amount of variability in the mean
change in feeding strikes in the high concentratiieatment. Individuals in both the low

concentration and control treatments showed littienge in response to the visual cue.
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Figure 6.5: The behavioural response of newly metamorphd3adacentrus amboinensis to different
concentrations of conspecific chemical alarm cue.caonical discriminant analysis compares the
behavioural changes between pre and post-stimdtisds for the three visual cue treatments tested i
Experiment 3: High Concentration (High), Medium Centration (Medium), Low Concentration (Low)
and Saltwater Control (Saltwater). Vectors repnegbe direction and intensity of trends in theypre
behaviours: feeding strikeg)( bobs ), movement in/out sheltec) horizontal movement between zones

(d), time in shelter ), distance from sheltef)( height in water columng]. The circles represent 95%

confidence intervals.

122



15
: . S S .

& 157 AB
= T
S -30 - [ I
= AB

-45 - \

-60 - B

High Medium Low Control

Concentration Concentration Concentration

Figure 6.6: Mean change (x SD) in feeding strikes between pré post-stimulus periods by newly

metamorphosedPomacentrus amboinensis tested in each of the four conspecific chemicak cu
concentration treatments (High Concentration, Medi@oncentration, Low Concentration and Saltwater
Control) in Experiment 3. Alphabetic notations (B) designate significantly different groups as

determined by Tukey’s HSD means comparisons tests.

6.4. Discussion
Both olfaction and vision are thought to play imjaot roles in threat detection in

a wide range of systems, and have previously bearodstrated to operate in tandem in
both freshwater (Mathis and Vincent 2000; Brown &magnavacca 2003) and marine
environments (McCormick and Manassa 2008). Thidityuover other sensory systems
in aquatic environments is largely a result ofdlij@eous medium in which they function,
allowing in particular, for the effective transmams of chemical cues over relatively
large areas (Wisenden 2000). However, how eathesk sensory cues may be used by
animals transitioning to previously unknown halsitég largely unknown. Our results
show that the reef fisRomacentrus amboinensis was able to detect and respond to both

visual and chemical cues during their settlemeandition. The intensity of the
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behavioural responses to both sensory cues vaitbdive level of threat detected, with a
higher degree of perceived threat eliciting morense responses. However, the type
and nature of the behavioural responses differettedty between the two sensory cues.
Additionally, individuals were not able to distingh between predatory and non-
predatory visual cues whilst still naive to thefreevironment. This indicates that the
mechanisms underlying predator avoidance and tlaeniteg of predator identity
immediately following settlement will be a compliexeraction between multiple sensory
cues.

The nature of anti-predator responses can diffeatty between systems, species
and even life history stages (Ferrari et al. 2009pwever, generally these responses are
characterised by one or more of a decrease in ifayaactivity, a decrease in overall
movement and an increase in shelter use (StaufférSemlitsch 1993; Chivers and
Smith 1998; Griffiths et al. 1998). The behavidumsponse to conspecific chemical
alarm cues across all concentrations in this stndg characterised by a decrease in
feeding rate only (although differing in intensigmong treatments). Although this
response is perhaps not as diverse as those founitier studies of adult marine fishes
(see Smith and Smith 1989; Larson and McCormick520@cCormick and Manassa
2008), it is consistent with the only other studamining the response to conspecific
alarm cues during the early post-settlement pegi@thpter 5). This consistency in the
nature of behavioural change both between expetsyard between concentration levels
in this study highlights the important role thatstiinnate cue appears to play in the

identification of relevant predation threats durthgs early transitional period.
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In contrast to the narrow nature of responsesglgvant chemical cues, responses
to visual cues affected more facets of behavioar \mare more consistent in effect. In
general, the nature and direction of response wast oonsistent with regards to feeding
rate, distance from shelter (which both tendeddorehse with exposure to visual cues)
and the number of bobs (which tended to increasle @iposure to visual cues). This
reaction is similar to that found by McCormick aMdnassa (2008) in a recent study on
the response of the marine golfsteropteryx semipunctatus, to visual and chemical
cues. However, although variable in direction anténsity, our study also recorded
behavioural changes with regard to the mean hégtite water column and horizontal
movement. This diverse, yet variable responseatds two things: that visual cues may
elicit a more diverse behavioural response duédontore immediate nature of a visual
threat; and, that there appears to be a degrencefrtainty as to the identity of relevant
predation threats without prior knowledge of reeftems, based on visual cues alone.

The uncertainty in the visual identification ofeeant predators during the early
post-settlement period is further highlighted by timability of naive individuals to
differentiate between predatory and non-predatasiges. With the exception of the
change in bobbing behaviour, all other behaviotrats that either showed significant
(distance from shelter) or non-significant trendschange (feeding rate, height in water
column and horizontal movement) recorded similaspomses to both predatory
(Pseudochromis fuscus) and non-predatoryChromis viridis) cues. Similar patterns of
non-differentiation during transitional early liféstory stages have also been found by
Mathis and Vincent (2000) and Kiesecker et al. @)9€uring studies of predator

recognition and avoidance in amphibian tadpolesefithat a number of studies have
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demonstrated that later stage aquatic organismsisaally distinguish between relevant
and non-relevant threats (Gerlai 1993; Kelley andgitran 2003; Ferris and Rudolf
2007; McCormick and Manassa 2008), this demonstrétat the visual identity of

relevant predators is not innate and suggests dhett knowledge must be acquired
through experience in the new habitat.

Threat-sensitive responses to predator cues heme Wwell documented amongst
freshwater organisms (Mirza et al. 2006; Kesavagtjal. 2007; Ferrari et al. 2008;
Brown et al 2009). This study presents a simikatgyn of threat-sensitive behavioural
responses to both visual and chemical predator fmes newly settled reef fish.
Although differences between concentration/distariceatments were not always
statistically significant, the general pattern agginthe characteristic behavioural
responses (with the exception of change in distdrore shelter in response to visual
cues) was of decreasing intensity with decreasingnical cue concentration and
increasing distance from visual cue. However,dghgrllso some evidence to suggest that
threshold response levels may exist at the lowegldeof these graded responses, with
individuals showing no change in the distance fidmalter in response to visual cues at
either the medium or maximum distances. Additiondlhere was little to no change in
feeding rate at the lowest chemical alarm concgatraindicating that individuals either
cannot detect, or choose not to respond to this ¢f@larm cue at extremely low levels.

This is not the first example of a graded antidater response in the marine
environment. Helfman (1989) previously demonsttadethreat-sensitive response to
visual predation cues in the three-spot damse(f#ygastes planifrons), whilst Legault

and Himmelman (1993) found multiple bivalve, gagt@ and holothuroid species
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respond according to the level of threat poseddying predators. The novelty of our
findings lies in the stage in development at whibke response occurs in the study
species. The early post-settlement period for aeei fish is characterised by extremely
high levels of predation. As such, there is sigaiit pressure placed on individuals to
both directly avoid predatory encounters, as wslln@aximise growth to decrease the
amount of time vulnerable to gape limited preda{@kapter 3). Our results show that
reef fish possess an unexpectedly complex sensgstgms for such an early period of
physiological development; being able to use cuesmfmultiple sensory sources to
acquire information on local predation risk, andp@nd accordingly. In doing so, they
are able to effectively balance between minimignedation risk whilst still maximizing
the time spent foraging for food.

Although it is clear that naive newly settled figtissess the ability to detect and
react to predatory cues from multiple sources,ratire of both the responses and the
sensory cues themselves suggest that independenmteofinother their utility may be
limited. What may be most critical is the abild@f/naive individuals to couple these cues
together into knowledge that can be directly agbtie the new system. In a study of
threat-sensitive predator avoidance by slimy saslpgCottus cognaus), Chivers et al.
(2001) concluded that sensory cues may perform diigrent roles, with chemical cues
functioning to warn that a predator is in the vitginand visual cues used to accurately
assess the predation risk. Although such a funéti@lso possible in coral reef fishes, it
is more likely that the pairing of cues during tleiarly period works to fine tune the
visual identification of relevant predatory speciesThis theory is supported by

McCormick and Manassa (2008) who found that a gseaf marine gobyASteropteryx
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semipunctatus) had the ability to independently differentiatévibeen predatory and non-
predatory visual cues during later life stages. making this link, our study adds
considerably to the current lack of information asting the mechanisms of threat

detection, and the role or predatory cues duriagsitional periods.
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Chapter 7: General Discussion

For organisms with complex life history cycles, t@cesses and mechanisms
influencing survival during high mortality transitial periods will play a
disproportionately important role in determinings$le traits that are passed on to later
life stages. The present study adds consideralbyt knowledge of these processes and
mechanisms during just such a transitional penodaral reef fishes. In doing so, the
study highlights the complex nature of predatotgnactions on reef fishes immediately
following settlement to the reef environment, arndesses the potential for both
phenotypic and behavioural mechanisms to play &®srin influencing prey survival.

During interactions with a common predatory fishe@ps Pseudochromis
fuscus), body size was found to be the most importany pteenotypic or performance
trait influencing survival at the time of settleng@hapter 2). However, contrary to
conventional ecological theory (i.e. the biggeb&tter hypothesis), larger body size was
preferentially selected by this predatory specidhen tested in a field context, the
selectivity of predation towards prey body weighifted towards heavy individuals,
indicating that the selective patterns may be mediby either external environmental
factors or differential selective preferences dfeotpredatory species.

Chapter 3 reinforced the potential for selectivef@rences to differ between
species within the same system, with patternsz& selectivity on settlement stage and
juvenile Pomacentrus amboinensis found to differ significantly between four imponta
predatory species. Although larger body size becam@e advantageous once

individuals grew into more experienced juvenileges this was not always the case at
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the time of settlement, with the direction and msi¢y of selection differing greatly. |
argue that differences in prey selection betweesdgiory species can in part be
explained by variation in prey behaviour betweeffedent sized individuals within a
group (Chapter 4). This behavioural variation raigw predatory species to exploit the
prey size distribution in different ways (Scharfat 2000), with smaller individuals
being more vulnerable to opportunistic predationde®) and larger sizes being more
susceptible to highly selective pursuit predators.

Experience obtained during early settled life iafiaed the probability of survival
during future predation events. Experiments shotired prior exposure to conspecific
alarm cues significantly decreased foraging ratesrast newly settle®. amboinensis.
Such a behavioural change is commonly associatetl wamti-predator behaviour
(Stauffer and Semlitsch 1993; Chivers and Smith81%riffiths et al. 1998), directly
decreasing the time spent vulnerable to predatioring risky foraging activities.
Individuals were also able to use these alarm doeassociate a previously novel
predator scent with danger, indicating that chemmaes play a large role in the
acquisition of knowledge during this early staglkn comparison, responses to visual
predation cues were much more diffuse and variahiggesting that independently they
may be of limited use without prior knowledge oferant predators (Kiesecker et al.
1996; Mathis and Vincent 2000). | argue that scwbs possibly play a complementary
role during this period, working together to pravithe most useful information to prey
individuals (Chivers et al. 2001).

Behavioural responses to both visual and chemigat avere threat sensitive in

nature when tested across a range of predatiorattHevels. This suggests an
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unexpectedly complex level of development in senseystems during such a
transitionary period. However, in its presencs thechanism will allow prey individuals
to effectively balance the importance of reducimgdation risk, whilst still maximizing
growth and competitive advantages through a graeédvioural response (Rhoades and

Blumstein 2007).

Sgnificance

One of the fundamental goals of ecological reserth understand the processes
that structure populations and communities. Whanrsidering these processes, predation
is widely thought to play one of the more importaoles, and as such has received
considerable attention in the literature (Glass@r9l Sih et al. 1985; Hixon 1991).
Although some form of predation pressure is gehemesent throughout an animal’'s
entire life, its effects are commonly concentratedpecific periods when individuals are
most vulnerable (e.g. transitional periods betwierhistory stages or habitats; Wilbur
1980; Gosselin and Qian 1997). However, despite gbtential importance of the
mechanisms influencing survival during such perjods currently know very little about
them. This study is significant in that it examind®e processes and mechanisms
influencing prey survival during predatory intetiaos over just such a high mortality
period in a common coral reef fish. Where this wdifters from other studies during
similar periods is in the timeframe over whichdtexamined. While others investigate
the effects of predatory interactions over extengediods (e.g. weeks to months
following transition; Searcy and Sponaugle 2001glidia and Meekan 2002; Hoey and

McCormick 2004; Raventos and MacPherson 2005; Spgg@and Grorud-Colvert 2006;
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Gagliano et al. 2007; Robert et al. 2007), thiglgtiocuses specifically on the point at
which predation is highest (in this case, the hdmmediately following transition).
Given that this study found predation to be selectiluring this period of highest
mortality, it indicates that this relatively shgperiod following settlement may be
disproportionately important to the structure ofilagoopulations for coral reef fishes.
Phenotypic selectivity does not necessarily dinmin@utside of this initial period.
However assessing the impacts of predation ovettgrgeriods in the juvenile life phase
may lead to masking or diluting its effects, dughe potential for changes in the nature
of phenotypic selection and intensity (Chapter &elkan et alin press).

These findings have implications for any organisithwomplex life history
characteristics, and highlight the necessity tousoon the correct timeframes when
examining the dynamics of transitionary period®r iRstance, amphibians are generally
characterised by bi-partite life cycles in whicluatic larval stage are followed by more
amphibious adult stages (e.g. frogs, toads andnsalders; Werner 1986; Scott et al.
2007; Walsh et al. 2008). In order to examine ¢hm®cesses most influencing adult life
stages, focus must be placed on those specifioggem which mortality is both intense
and selective (Crouse et al. 1987).

This research also highlights the variability inetmature of ecological
mechanisms underlying survival that may occur atdpecies and life history level. The
principles of ecological theories are commonly ekxed within communities or
populations as a whole, with little focus beingegivto potential differences that may
occur with species specific interactions or at ipakar points in an organism’s life

history (e.g. bigger is better hypothesis). WHiiis may give us an understanding of the
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overall picture, it fails to provide an insight enthe true mechanisms influencing
survival. By examining predation processes at aenumtailed level, we are able to
examine how prey populations may directly respandhanging community structures,
and vice versa. Given that trophic links are ofsgecific to species and life-history
stages, such information allows us to more acclyrggeedict how changes at certain
levels will affect others within the community foathain. This type of knowledge is
particularly relevant in more recent times, givea predicted and documented effects of
human pressures (ie. climate change, habitat dagoad over-fishing) on fish
community structure in coral reef systems (McClamli994; Jennings and Polunin
1997; Booth and Beretta 2002; Graham et al. 200@dlly however, this is a factor rarely
considered in ecological studies.

In addition to the above, this is also the firsidst to examine the mechanisms of
prey learning and threat detection during suchaaly @eriod in coral reef fishes. Given
the intense pressure placed on individuals to ifjenelevant threats during this
transitional stage, the methods by which informat®obtained and how they respond to
this information will be disproportionately imponta This study highlights the role that
olfactory cues play during this early period, at@sses its importance in the acquisition
of relevant knowledge. Although similar mechanishae been found in amphibians
(Woody and Mathis 1998), freshwater fishes (Brovd®3® and in later life stages of
marine fishes (Larson and McCormick 2005; McCormekd Manassa 2008), the
novelty of the finding is in the timeframe in whidhoperates in this coral reef system.
Recent research has shown that prior experiencanet over the days immediately

following settlement has a large influence on thebpbility of survival during future
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predatory encounters (McCormick and Holmes 200R)is research isolates potentially
the most important mechanisms driving this learnprgcess and shows how these

mechanisms are modified with changing levels ofiaten threat.

Future Directions

The results and conclusions of this project posairaber of further interesting
guestions. Chapter 3 identifies the selectiveil@®bf four important predatory species
under controlled conditions, when preying on nesditledP. amboinensis. While these
patterns are a necessary first step in understgrilexmechanisms underlying selective
loss during this early period, how they relatedtestive patterns in natural, multispecies
communities remains largely unknown. In a studysotial facilitation of selective
mortality in the same system, McCormick and Mee007) found indirect evidence to
suggest that the preferences of b&thfuscus and Thalassoma lunare in the natural
system were similar to those found in this studifis indicates that the results may have
some relevance in natural systems. However, in rotdefully understand these
relationships in natural systems, particularly inltirspecies predator communities, we
must understand how predators and potential cotopeiinteract with one another and
their environment. Synergistic or antagonistic tieteships between individuals have the
potential to significantly alter selective pattefiBerger and Gese 2007), by influencing
either the level of access that each has to thegmerce, or the level of vulnerability to
the predation source (Figueira et al. 2008). Funtioee, external environmental

characteristics such as habitat complexity (Beukeid Jones 1997; Rilov et al. 2007),
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water movement (Gagnon et al. 2003) and presenceraf bleaching (Coker et al. 2009,
McCormick 2009) may also play a role in influencergsting preferences.

Both prey body size and prior experience of presagvents have individually
been shown to greatly influence survival during theriod immediately following
settlement (Chapter 2; McCormick and Holmes 20B@wever, which of these plays the
most definitive role during this potentially crigicperiod is not known. If the effects of
prey experience are superior, then body size dactefely be negated when comparing
the survival probabilities of newly-settled naivelividuals with those settled even 24
hours prior. On the other hand, if body size ades prior experience then it would be
expected that the probability of survival would gogatly increase until individuals have
grown above the size ranges most vulnerable toapimed (Chapter 2). What is most
likely however is that the mechanisms interact wote another to form a complex
relationship, with the acquisition of knowledge uisig in a change in the nature or
intensity of size selection. Chapter 3 suggestsgush a relationship during interactions
betweenP. fuscus and juvenileP. amboinensis. Further research examining how these
factors interact is required to further eluciddte true dynamics of survival during early
settled life.

Chapter 4 makes the suggestion that behavioufi@relices between different
sized individuals within a group may influence thanerability of each to predation
events. Further, McCormick (2009) demonstratedl tiina way individuals interacted to
influence this vulnerability was affected by habitalthough these studies were able to
isolate what these behavioural differences weray kach of these directly affected

vulnerability was only inferred. In order to corditly identify the true mechanisms
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underlying the size-selective preferences of pregatndividuals, it is essential to
understand the balance between this socially cdedrovulnerability and predator
selection. What would be interesting would be tonipalate behavioural traits in
isolation and directly expose them to predatiorsguees. By doing so we would be able
to gauge exactly which behavioural traits direatijuence vulnerability to certain types
of predation. Such a finding could be applied belytre scope of hierarchical systems,
and be further used to interpret the implicatiohsh@anges in behaviour associated with

prey learning (Chapters 5 and 6).

Concluding Remarks

The rapid and decisive nature of predation makas gxtremely difficult process
to study and understand. This project significantigreases our knowledge of the
process of predation during a high mortality penndhe life of a coral reef fish, and
provides us with a mechanistic understanding of hHbese processes function. My
findings have implications not only for coral rdishes, but for organisms with complex
life-histories in general, in that it highlights averitical factors influencing survival for
organisms transitioning to new habitats: the imgooece of body size, and knowledge
acquired from prior experiences. In doing so, iterd insight into the mechanisms
underlying survival during this period, and pro\sdenecessary step forward in the study

of population dynamics in coral reef fishes.
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