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Abstract 

Determining the processes influencing how marine organisms disperse during 

the larval stage is a major challenge of marine ecology, yet is a task critical to 

understanding the scale and connectivity of marine populations.  Sampling such tiny 

organisms in the expansive pelagic environment presents complex problems, making 

the pre-settlement stage a “black box” in our knowledge of the life history of marine 

organisms.  In this thesis I aimed to address some of the main themes characterising 

this black box, namely when during the larval stage sensory responses to habitat cues 

develop, which sensory cues may be used for orientation in the pelagic environment 

and how the condition of the local environment affects settlement behaviour.  The 

results of these experiments increase our understanding of behaviour and sensory 

abilities of larval fishes and provide new insights for predictive models of larval 

dispersal, integral tools for effective management of marine populations. 

 

The ontogenetic development of olfactory responses in larvae of two fish species, 

which recruit to temperate estuaries, shows that chemotactic behaviour relevant to 

movement towards habitat develops shortly after tail flexion (Chapter 2).  This point 

in ontogenetic growth when choice behaviour between estuarine and coastal water 

develops which is consistent over multiple cohorts, and correlates with existing data 

on ontogenetic increases in swimming endurance.  The presence of seagrass cues was 

more important than changes in pH or salinity to this behaviour.  This is the first 

evidence of a consistent size-based ontogeny of sensory response to natural water 

bodies across cohorts of temperate fish larvae. 

 



In order to orient swimming when in the pelagic zone it is hypothesised that large-

scale cue use, namely a celestial compass and/or a magnetic compass, would be 

required.  Behavioural experiments to test the ability of coral reef fish larvae to use 

the sun’s azimuth as a compass to orient swimming found significant differences in 

the mean orientation direction of larvae as individuals and among-individuals when 

exposed to different sun azimuths (Chapter 3).  Cue-conflict experiments indicate that 

polarised light patterns also have an effect on orientation behaviour.  This 

experimental data compliments field orientation data of other studies indicating the 

use of a sun compass as part of an orientation mechanism in larval fishes. 

 

Orientation trials using magnets and a Helmholtz magnetic coil also indicate that 

coral reef fish larvae have the ability to detect changes in the local magnetic field, i.e. 

magnetoreception (Chapter 4).  Individual larva responded predictably between 

control and treatment conditions, with a significant angular difference in mean 

bearings similar to the size of the shift in local magnetic field polarity within the 

magnetic coil. Larval orientation behaviour was affected differently by the presence 

of magnets of different strength and, as in Chapter 3, the presence of a polarised light 

pattern.  This is first time magnetoreception has been shown in fish during the larval 

stage. 

 

Choice experiments on coral reef fish larvae showed habitat cues with increased 

sediment concentrations changed behavioural response to habitat cues in both before 

and after settlement (Chapter 5).  Pre-settlement stage larvae avoided olfactory cues 

of water infused with sediment at different concentrations.  Settled larvae exposed to 

sediment at different concentrations for a period of five days changed their preference 



in comparison to larvae kept in “clean” water, choosing olfactory cues from dead 

coral over live coral. These results indicate that larvae may actively attempt to avoid 

settlement on degraded habitat, while those forced to settle on degraded habitat will 

have reduced fitness, linking increased sediment pollution to reduced recruitment 

success in fish larvae. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Certificate of original authorship 

I certify that the work in this thesis has not previously been submitted for a degree nor 

has it been submitted as part of requirements for a degree except as fully 

acknowledged within the text. 

I also certify that the thesis has been written by me. Any help that I have received in 

my research work and the preparation of the thesis itself has been acknowledged. In 

addition, I certify that all information sources and literature used are indicated in the 

thesis. 

Signature: 

Date: 05/02/16



Acknowledgements 

When completing any four year mission, most of all a PhD in science, one 

looks back at all the highs and the lows on the road leading to the day of completion 

and remembers all of the good fortune (and bad fortune) and good people (and bad 

people) encountered along the way, without which reaching the finish line would have 

been next to impossible.  As such, I must take this opportunity to give credit where 

credit is due, and acknowledge all those who have helped me on this journey. 

Firstly, and most importantly, I want to thank my supervisors for giving me 

the opportunity to experience the life of a marine biologist, and for believing in me 

enough to give me this project and letting me run with it.  To the creative spark 

behind this thesis, Jeff Leis, thank you for taking me on as your (possibly first ever 

male?) research assistant to Lizard Island, where this whole road began.  That trip was 

a formative moment in my life in many ways.  I have immense respect for you as a 

scientist and human being, and without your straight-shooting wisdom, dry humour 

and attention to good science I don’t think I would have made it this far.  To my long 

time supervisor Dave Booth, thank you keeping the ball rolling after our shark work 

and allowing me to take the thesis in many directions and to places all over the world. 

You trusted me to get the job done no matter where I went, you were always in my 

corner and there when I needed.   

Of course I would also not have been able to finish this thesis without the help 

of my co-supervisor Steve Swearer, I can’t thank you enough for giving me the 

opportunity to join your wonderful lab at the University of Melbourne.  Working in 

the REEF lab has given me a different and invaluable perspective on research.  You 

gave me all the support and opportunity I could ask for, when you had absolutely no 

obligation to do so.  You’re a great guy to work with, go for a beer with, and you have 



a lab of great people working with you.  To Matt Le Feuvre, James Shelley, Emily 

Fobert, Ben Cleveland, Luke Barrett, Sean Chia, Valeriya Komyakova, John Ford, 

Fletcher Warren-Myers, Rob Hale and Dean Chamberlain thank you for being such 

welcoming, friendly and knowledgeable workmates to the outsider and for keeping 

me sane. 

While I don’t see them as much these days as I used to, I will never forget my 

work mates from research’s spiritual home, Sydney.  To Team Red Soil (Hayden 

Beck and Gwen Cadiou), Davina Poulos, Ash Fowler, Cian Foster-Thorpe, Nikki 

Bromwell, Paloma Matis and Sam Goyen thanks for always being there for a chat or 

to go through the vagaries of research.  To the lovely team at the Australian Museum, 

where this whole journey really started: Amanda Hay, Mark McGrouther, Sally 

Reader and John Paxton, your passion for fish and your indomitable spirit were a real 

inspiration to me as a young fish biologist, and I will always remember my time at 

Fish HQ fondly. 

My thesis covered a range of new research areas which I had no previous 

experience with at the time, and I owe a lot to the researchers around the world which 

I met and managed to form collaborations with.  Thank you to Rachel Muheim for 

your expertise in the heady world of animal orientation and circular statistics, 

Danielle Dixson for helping me get started in the equally heady world of aquatic 

olfaction, Uli Siebeck for your tough love and showing me the larval orientation 

ropes, Yohei Nakamura and David Lecchini for bringing me to Sesoko Island and 

sharing your enthusiasm for research, Mike Walker, Ian Birchall and Mirjana Bogeski 

for helping me in the quest for magnetite, Stew Fielder for giving me your expertise 

and the run of the fish hatchery at Port Stephens Fisheries Institute, Anne Hoggett and 

Lyle Vail for taking me under your wings and facilitating my fantastic field trips to 



Lizard Island Research Station, and David Feary for your great help and guidance 

with ideas and strategy.   

Of course no thesis acknowledgements would be complete without mentioning 

the hard working folk who put their hand up for the thankless task of helping me do 

my research in beautiful and exotic locations and environments.  Big thanks to Chris 

Braun and Viktor Nilsson for your great help and companionship on LIRS (I think we 

made friends for life there), Ryuta Suzuki for his great help with behavioural 

experiments in Okinawa, Luke Pedini and Stephane Bertin for enduring the long days 

in the lab (and longer nights in the bunk house) at PSFI, the team at the PSFI hatchery 

– Luke Vandenberg, Luke Cheviot and Ben Morton – for being great mates and

taking care of my (and the little larvae’s) every need over three years, Luke, Emily, 

Dean and John for your time taking me in the water and helping me to collect hulafish 

from Port Phillip Bay for eventually unfruitful projects. 

Lastly, but definitely not least I want to thank my family for their love and 

support over these four years and for many more before that, particularly my father, 

who always encouraged and supported me to pursue tertiary education.  Also I’m 

thankful for the enduring support of my lovely fiancée Dr Rolanda Lange, for being a 

fantastic life mate and an inspirational researcher.  Our partnership has forged a 

balance between life and work, which has helped me sail the stormy waters of this 

thesis without once looking like sinking. 

This project was funded in part by an ARC Discovery Grant (ID: 

DP110100695), the Geddes Postgraduate Award (Australian Museum) and a UTS 

Research Excellence Scholarship. 



Table of contents 
List of figures………………………………………………………………………….x 

List of tables…………………………………………………………………………xvi 

Chapter One: General introduction…………………………………………………..1 

Chapter Two: Emergence of behavioural response to habitat-relevant sensory cues in 
larvae of estuarine-dependant fishes…………………………………………………26 
 Abstract………………………………………………………………………27 
 Introduction…………………………………………………………………..28 

Methods……………………………………………………………………....33 
Results………………………………………………………………………..39 
Discussion……………………………………………………………………46 
References……………………………………………………………………54 

Chapter Three: Sun position and the use of celestial cues for orientation by coral 
reef fish larvae …………………………………………………………………..…...62 
 Abstract………………………………………………………………………63 
 Introduction…………………………………………………………………..64 

Methods………………………………………………………………………67 
Results………………………………………………………………………..72 
Discussion……………………………………………………………………80 
References……………………………………………………………………88 

Chapter Four: Responses of coral reef fish larvae to changes in the local magnetic 
field and polarised light plane………………………………………………….…….94 

Abstract………………………………………………………………………95 
 Introduction…………………………………………………………………..96 

Methods………………………………………………………………………99 
Results………………………………………………………………………107 
Discussion…………………………………………………………………..115 
References…………………………………………………………………..124 

Chapter Five: Sediment pollution impacts sensory ability settlement behaviour of 
coral reef fish larvae………………………………………………………………...131 

Abstract……………………………………………………………………..132 
 Introduction…………………………………………………………………133 

Methods……………………………………………………………………..136 
Results………………………………………………………………………144 
Discussion…………………………………………………………………..153 
References…………………………………………………………………..159 

Chapter Six: General discussion…………………………………………………...165 

Appendix…………………………………………………………………………...180 



List of figures 

Fig. 2.1 Olfactory flume design (20cm x 5xm x 3cm)……………………………….35 
 

Fig. 2.2 Map of the Port Stephens estuary with collection sites for estuary water (1), 

seagrass samples (2) and coastal water (3) indicated by black circles.  Research 

station located at estuarine collection point (1)………………………………………37 
 

Fig. 2.3 Author collecting seagrass from Port Stephens estuary……...…….……….38 
 

Fig. 2.4 Olfactory choice in relation to age (A,B) and size (C,D) of Macquaria 

novemaculeata larvae when presented with cues from the coast (COA) and the upper 

estuary (EST), for cohorts reared in 2013 (A,C) and 2014 (B,D). Error bars indicate 

standard error.  Arrows indicate developmental stage at which significant choice 

emerges (p < 0.001 (n = 20 per experimental day)), asterisk (*) indicates 

developmental stage of switch in response to olfactory cue……...………………….40 
 

Fig. 2.5 Olfactory choice in relation to age (A,B) and size (C,D) of  Argyrosomus 

japonicus larvae when presented with cues from the coast (COA) and the upper 

estuary (EST), for cohorts reared in 2013 (A,C) and 2014 (B,D). Error bars indicate 

standard error.  Arrows indicate developmental stage at which significant choice 

emerges (p < 0.001 (n = 20 per experimental day))…………..…………………….41 

Fig. 2.6 Relationship of choice behaviour with increasing age and size for M. 

novemaculeata (EST choice, A,C) and A. japonicus (COA choice, B,D) larvae 

comparing two cohorts.  Top and bottom circles indicate observations in 2013 (light) 

and 2014 (dark).  Light line shows logistic regression for 2013, dark line shows 2014.  

Shading indicates predicted values for each model………………………………….42 

Fig. 2.7 Mean percentage of time (±SE) spent by larvae in water treatments when 

presented with different levels of pH, salinity and seagrass cues at developmental 

stages before and after significant choice behaviour was detected among individuals 

in the second cohort (2014) (ca. 6.5mm SL for M. novemaculeata and ca. 9mm SL for 

A. japonicus). Asterisks indicate significance levels (* < 0.05, ** < 0.001)………...45 



Fig. 3.1 Artificial sun position setup showing different position of the artificial sun 

during each of the three treatments presented to each individual larva: Sun East (60° 

zenith from arena centre, azimuth due magnetic east), Sun Centre (directly above 

arena centre) and Sun West (60° zenith from arena centre, azimuth due magnetic 

west).  A diffusing filter was placed between light source and the chamber to 

eliminate any polarised light or external visual cues from above.  The sun disk was 

visible to the larva from all sections of the tank, from ~45° zenith from the far side of 

the tank to a thin sliver of light directly above the tank edge closest to the east and 

west sun positions……………………………………………………………………69 

Fig. 3.2 Distribution of mean bearings for individual larvae approaching significant 

orientation with artificial sun positioned east (A) (p = 0.056) and west (B) (p = 0.066) 

of the test arena.  Angular change (C) for each individual larva after the shift of sun 

position between the east and west sides of the test arena (initial position taken as 0°) 

shows a significant among-individual deviation (p = 0.037) close to 180°.  Arrows 

indicate the direction of the among-individual mean bearing (arrow length 

proportional to directional precision (r)), 95% C.I. bounded by radial dotted lines…73 
 

Fig. 3.3 Mean bearings of significantly directional larvae for each of the three 

artificial sun positions during morning and afternoon trials.  Each individual was 

presented with three randomly ordered treatments: Sun East (A,D), Sun Centre (B,E) 

and Sun West (C,F).  Arrows indicate the mean among-individual direction (arrow 

length proportional to directional precision (r)).  Treatments with significant among-

individual orientation are indicated with solid arrows and 95% C.I. bounded by radial 

dotted lines (mN indicates magnetic north)………………………………………….74 
 

Fig. 3.4 Distribution of mean bearings for individual larvae during six orientation 

trials under different sun positions (due north and south) and light filters, including 

diffusing filter (A,F), parallel polarised light pattern (B,E) and perpendicular polarised 

light pattern (C,D).  Red lines illustrate the polarising plane, whereas arrows indicate 

direction of the mean among-individual bearing.  Significant among-individual 

orientation in treatments indicated by solid arrows (arrow length proportional to 

directional precision (r)) and 95% C.I. indicated by dotted radial lines…………….76 

 



Fig. 3.5 Orientation of Chromis atripectoralis larvae tested at Lizard Island Research 

Station during summer recruitment of 2013 – 2014 during the morning (AM) and 

afternoon (PM).  Each individual was presented with six treatments in order and 

reverse order alternatively: Sun north + diffusing filter (A), Sun north + parallel 

polarised light (B), Sun north + perpendicular polarised light (C), Sun south + 

perpendicular polarised light (D), Sun south + parallel polarised light (E) and Sun 

south + diffusing filter (F).  Each data point in the circular diagrams shows the mean 

orientation for each significantly directional larva.  Arrows indicate the mean among-

individual direction (arrow length proportional to directional precision (r)).  Double-

headed arrows indicate axis of bimodally distributed samples. Dotted radial lines give 

the 95% confidence interval for the mean direction in treatments where larvae showed 

significant (p < 0.05) or approaching significant among-individual orientation……79 

Fig. 4.1 Experiment 1 - Experimental setup for magnetic field disruption trials.  

Larvae of C. atripectoralis are placed the circular arena (A) and movement is 

recorded from above with a HD camera (E) mounted in the tank cover (D).  Under 

treatment conditions a magnet is placed on the outer arena wall at 45°(B) or 315° 

orientation (C)………………………………………………………………………101 

Fig. 4.2 Experiment 1 - Compass-mapped magnetic field lines under control 

conditions (A), north pole of neodymium magnet placed against arena at 315° (B) and 

45° orientation (C).  Arrows indicate direction of magnetic North in the arena……102 

Fig. 4.3 Experiment 2 - Helmholtz coil setup for manipulation of local magnetic field 

polarity.  Parallel coils formed by wraps of enamelled copper wire around on each 

side of the coil frame (coil 1 around corners 1,2,3,4, coil 2 around corners 5,6,7,8).  

Larva (blue) tested in circular arena in the centre of the frame…………………….104 

Fig. 4.4 Experiment 1 - Example of 10 minute tracks obtained through video analysis 

of movement within test arena for one individual C. atripectoralis larva during 

control (A & B) and magnet (C & D) treatments.  Grey circle indicates magnet 

position.  Green line was constructed by position of larva at 15pps (points per 

second).  Mean bearing (μ), directional precision (r) and Rayleigh test p-value 

reported for each treatment. mN indicates magnetic north…………………………106 
 



Fig. 4.5 Experiment 1 - Distribution of mean bearings for individual larvae during 

control (A & B) and magnet (C & D) treatments.  Grey circle indicates magnet 

position (magnet types pooled).  Arrows indicate the mean among-individual 

direction, length proportional to the directional precision (r).  Significant orientation 

indicated by solid arrow bounded by dotted radial lines indicating the 95% confidence 

interval………………………………………………………………………………108 
 

Fig. 4.6 Orientation of C. atripectoralis larvae in the presence of ferric magnets only.  

Each individual was presented with four treatments: (i) Control 1, (ii) magnet placed 

outside test chamber at 315° bearing (indicated by grey circle), (iii) magnet placed 

outside test chamber at 45° bearing and (iv) Control 2.  Each data point in the circular 

diagrams represents the mean orientation for an individual larva (only significantly 

oriented individuals included).  Arrows indicate the mean among-individual direction.  

Double-headed arrows indicate axially distributed samples. Significant orientation in 

a treatment indicated by solid arrow and dotted radial lines showing the 95% 

confidence interval………………………………………………………………….110 
 

Fig. 4.7 Angular difference of C. atripectoralis larvae between different magnet 

treatments.  Each data point indicates angular difference of a larva’s mean bearing 

between two different treatments (initial bearing set to 0°), including:  A) control to 

ferric magnet at 315; D) control to rare earth magnet at 315°; B) control to ferric 

magnet at 45  E) control to rare earth magnet at 45° ;C) between the two positions of 

the ferric magnet and F) between the two positions of the rare earth magnet.  Grey 

circles indicate presence and position of magnets.  Arrows indicate the mean among-

individual direction.  Double-headed arrows indicate axially distributed samples. 

Dotted radial lines give the 95% confidence interval for the mean direction in 

significantly oriented groups……………………………………………………111 

 

Fig. 4.8 Distribution of mean bearings for individual larvae during the control (A) and 

with magnetic north shifted 90°(B).  C indicates the angular difference between the 

position of each larva during the control (set to 0) and the polarity shifted treatment.  

Arrows indicate the mean among-individual direction, length proportional to the 

directional precision (r).  Significant orientation in treatments indicated by solid arrow 

bounded by dotted radial lines indicating the 95% confidence interval……………113 



 

Fig. 4.9 Distribution of mean bearings for individual larvae during the control (A) and 

with magnetic north shifted 90°(B) under a polarised light pattern. Axis of red dotted 

lines indicates plane of polarisation.  Arrows indicate the mean among-individual 

direction.  Double-headed arrows indicate axially distributed samples. Significant 

orientation in a treatment indicated by solid arrow and dotted radial lines showing the 

95% confidence interval…………………………………………………………….114 

Fig. 5.1 Author preparing light traps for in situ choice experiments……………….138 

Fig. 5.2 Mean percentage of time (±SE) spent by settlement-stage Chromis viridis 

larvae in each side of the olfactory choice chamber when presented with cues from 

live coral with and without red soil extract at different concentrations.  *** P < 0.001, 

N.S. no significant choice behaviour (n = 20)…….......................................………147 

Fig. 5.3 Mean percentage of time (±SE) spent by settlement-stage C. viridis larvae in 

compartments close to live coral, dead coral, and in the centre in the presence of 

suspended sediment at different concentrations. *** P < 0.01, N.S. no significant 

choice behaviour between live and dead coral cues (n = 20)………………………148 

Fig. 5.4 Mean percentage of time (±SE) spent by reared C. viridis when presented 

with live coral and dead coral soaked water after 5 days of exposure to different red 

soil concentrations. * P < 0.05, N.S. no significant choice behaviour between live and 

dead coral cues (n = 10)…………………………………………………………….149 

Fig. 5.5 Mean percentage of time (±SE) spent by reared C. viridis in compartments 

close to live coral, dead coral and in the centre after 5 days exposure to different 

concentrations of red soil (n = 15)………………………………………………….150 

 

Fig. 5.6 Mean feeding rates (panel a) and body condition (panel b) (±SE) for C. 

viridis after rearing in the presence of red soil compared to control conditions P = < 

0.05 (n= 160)………………………………………………………………………..151 
 

Fig. 1A Dye test example, with water of equal salinity.  Dotted line indicates the 

maximum intrusion by stratified dye when testing water of different salinities……181 



Fig. 2A Mean standard length (±SE) on each day of the experimental period (not days 

post-hatch) for M. novemaculeata and A. japonicus cohorts  in 2013 and 2014…...182 

Fig. 3A Map showing location of the study site and red soil pollution areas around 

Okinawa Island in 1992-1993 (dark coloured areas in the map)………………….183 

Fig. 4A Diagram of light trap setup showing placement of slow release bottles and 

live coral.  Treatments without red soil or coral had empty bottles and/or mesh bag 

attached……………………………………………………………………………..184 

Fig. 5A Test chamber used for two visual cues placed in Tank 1 and Tank 2.  Larvae 

is released into the central compartment (A) and time is recorded spent in each 

compartment, indicating a choice for cues from Tank 1 (B), Tank 2 (C) or no choice 

(A)…………………………………………………………………………………..184 

Fig. 6A Mean abundance (n total = 3343) and species richness (47 coral reef species 

recorded) of larval fish caught by different light trap treatments per day (±SE)…...185 

Fig. 7A C. atripectoralis larvae collected via light trap and not used in behavioural 

experiments were fixed for histology by immersion for 1 week in 10%NBF. Standard 

histology processing protocols were followed and each sample was embedded in 

Paraplast+ tissue embedding media. The embedded samples were sectioned 

transversely at a thickness of 5 micron with a Leica RM 2235 microtome. To 

demonstrate the presence of intracellular materials containing FeII and FeIII, we 

stained the sections with Perl’s stain using the DAB intensification method (Meguro 

et al. 2007)(B, white scale bar = 200 μm).  Trout olfactory rosettes were used as a 

control for magnetite crystal staining, following Diebel et al. (2000).  Inconclusive 

stained cells in olfactory epithelium circled (A, scale bar = 100 μm).  The olfactory 

rosette was the focus of attention in larval samples in this study, however no obvious 

positively stained cells were visible (C, 40 μm)…………….....…………………...186 

 



List of Tables 

Table 2.1 Comparison of logistic regression models of choice behaviour in larval fish 

with age and with growth, including R2 and AIC values (n = 240 per species)……...44 

Table 3.1.  Orientation of Chromis atripectoralis larvae in six treatments presenting 

different sun positions and polarised light treatments.  Number of larvae analysed (n) 

includes only individuals which\ were significantly directional.  Mean bearings (μ) 

with asterisks (**) indicate bimodal distribution.  R test p-values in bold if orientation 

was significant (p < 0.05) or approaching significant (p < 0.06) in a given 

treatment……………………………………………………………………………...77 

 

Table 3.2.  Orientation of Chromis atripectoralis larvae analysed by time of day 

(before or after midday) including only individuals, which were significantly 

directional.  Mean bearings (μ) with asterisks (**) indicate bimodal distribution.  R 

test p-values in bold if orientation reported as significant (p < 0.05) or approaching 

significant (p < 0.066) in a given treatment (missing 95% C.I. could not be calculated 

for some treatments)…………………………………………………………………78 

 

Table 1A General Linear Model of larval fish abundance in three light trap positions. 

Coefficients are significant (p < 0.001) with treatments listed in ascending order of 

predicted effect on light trap catch abundance of larval fish……………………….187 

Table 2A Mean pH levels for water from control and two red soil concentrations 

from 0-2 hours post-mixing and 3-7 days post-mixing……………………………..187 

 

 


	Title Page
	Abstract
	Certificate of original authorship
	Acknowledgements
	Table of contents
	List of figures
	List of Tables

