Global Seascape Ecology of the White
Shark

by

Oliver Joseph David Jewell
MSc University of Pretoria; BSc (Hons) University of Southampton

This dissertation is presented in partial fulfilment of the
Doctor of Philosophy from Murdoch University
Harry Butler Institute
College of Science, Health, Engineering, and Education
2022

Thesis supervised by:
Dr Adrian Gleiss, Harry Butler Institute, Murdoch University
Co-supervised by:
Dr Stephen Beatty, Harry Butler Institute, Murdoch University
Dr Salvador Jorgensen, Monterey Bay Aquarium
&
Dr Taylor Chapple, Oregon State University

ii

Acknowledgement of Country

Over the past four years, I have had the privilege of working at the Murdoch University, Perth campus.
I would like to acknowledge the Whadjuk people of the Noongar nation as the traditional custodians
of the land on which Murdoch University sits. I extend my gratitude and pay my respects to Noongar
elders past, present, and emerging.

iii

“Life is like riding a bicycle. To keep your balance, you must keep moving.”
Albert Einstein

iv

Thesis Declaration
I, Oliver Jewell, certify that:
This thesis has been substantially accomplished during enrolment in this degree.
This thesis does not contain material that has been submitted for the award of any other degree or
diploma in my name, in any university or other tertiary institution.
In the future, no part of this thesis will be used in a submission in my name for any other degree or
diploma in any university or other tertiary institution without the prior approval of Murdoch University
and, where applicable, any partner institution responsible for the joint-award of this degree.
This thesis does not contain any material previously published or written by another person, except
where due reference has been made in the text and, where relevant, in the Authorship Declarations
that follows.
This thesis does not violate or infringe any copyright, trademark, patent, or other rights whatsoever
of any person.
The research involving animal data reported in this thesis was assessed and approved by Murdoch
University Animal Ethics Committee. Approval #s: R3065/18. The research involving animals reported
in this thesis followed Murdoch University and national standards for the care and use of laboratory
animals.
The following approvals were obtained before commencing the relevant work described in this thesis:
RAMP No. RAMP0881_01_18 Project title ‘Tagging white sharks with CATS tags’. Field work safety;
Fieldwork or field excursions in locations in Australia, Fieldwork or field excursions overseas, Working
on or in water. Other ethics or local research permits and approvals are listed in the specific chapters
they are related to.
This thesis contains published work and work prepared for publication, all of which has involved the
co-authors listed in the co-authorship declarations and efforts from others listed in chapter
acknowledgement sections.

Initial Submission: 18th September 2021
Amended Submission: 16th November 2021
Academic Counsel Meeting: 2nd February 2022
Graduation Ceremony: 12th February 2022

v

Abstract
The movements of predators are inherently connected to their prey and environment. Yet, quantifying
the movements of predators in inaccessible areas, such as the marine environment, has traditionally
been challenging. In recent years, technical advancements in the development and miniaturisation of
biologgers and their attachment and retrieval devices have seen an unprecedented increase in our
ability to answer questions addressing the movement ecology of highly mobile marine animals.
White sharks Carcharodon carcharias are long-lived, top marine predators that feed on a variety of
prey in a range of environments. Despite being globally distributed, rare and threatened, they are
found to seasonally aggregate in areas of high and predictable prey abundance. These aggregations
offer a unique setting to answer questions on the movement ecology of a large marine predator, as
many individuals, often varying in size and sex, are found in comparatively small areas that often serve
as foraging grounds. In this thesis, I assess the seascape ecology of white sharks at local, regional and
global scales using novel biologging tools and exploring their interactions with prey and the
environment.
At a local scale, I used animal-borne video and environmental data collection devices (AVEDs) to
determine how white sharks interact with their preferred prey in a complex marine seascape in South
Africa. Previous studies identified white sharks forage diurnally in this seascape, and in response, Cape
fur seals Arctocephalus pusillus pusillus refuge in kelp forest. The use of AVEDs revealed white sharks
make repeated movements into kelp forest throughout the day while raising their activity and turning
rates. Cape fur seals were seen in footage grouping in numbers, hunkering to the seafloor, and blowing
bubbles as white sharks approached. Though no predation events were captured in the footage, the
results combined with the previous studies revealed white sharks are capable of foraging in kelp
forests.
At a regional scale, in the Northeast Pacific, I used biologging data from white sharks of three sizeclasses in four contrasting habitats in a multivariate statistical framework to elucidate both the
internal and external determinants of movement and behaviour. I reveal distinct hierarchical similarity
in movement characteristics, primarily driven by habitat, bathymetry in particular, and secondarily
driven by size. Sharks in all habitats revealed distinct movement and behaviour between day and night,
characteristic of a diurnal activity rhythm irrespective of circumstance. The availability of prey and
access to deep water between these habitats are likely drivers of these differences. The two island
habitats provide more elephant seal Mirounga angustirostris prey and are situated closer to the
vi

continental shelf edge. The other areas are either far from it and contain more harbour seals Phoca
vitulina, or only host juvenile, piscivorous white sharks.
Finally, I tested if the diurnal activity rhythm detected in the Northeast Pacific white shark population
was characteristic of the species globally. I used scale-free estimates of activity derived from
accelerometers deployed on 104 white sharks of four populations and eight aggregation areas to test
for local adaptations in activity rhythms. Overall, linear modelling revealed consistent diurnal activity
rhythms, irrespective of size or population, suggesting strong conservation of activity rhythms in this
species. Despite the overall conservation of diurnal activity, generalised additive mixed models
revealed some degree of site-specific plasticity, with peak activity differing between sites. I suggest
that strong conservation in the diurnality of white sharks is driven by sensory specialisation for
foraging in well-lit environments. In contrast, behavioural plasticity in the peak of activity is driven by
the availability of prey at a given location.
Together, my thesis reveals the major external and internal factors driving the movements and
routines of white sharks. While white sharks display moderate plasticity in their movements and
behaviours between different habitats, they also appear to be constrained to diurnal foraging, possibly
due to the evolution of their sensory system making them diurnal specialists. As a threatened species
that require protection yet can be potentially dangerous to water users, balanced management
strategies involving multiple stakeholders are required in areas the species frequents. These strategies
should consider the internal and external factors found influential on the movements and behaviours
of white sharks. Given the results of this thesis, white sharks have a conserved diurnal circadian
rhythm; potential challenges remain, as the time white sharks are more likely to be active reflects the
time when people are more likely to be using coastal waters.

vii

Table of Contents
Global Seascape Ecology of the White Shark

Acknowledgement of Country .................................................................................................. iii
Thesis Declaration ...................................................................................................................... v
Abstract ..................................................................................................................................... vi
Table of Contents .................................................................................................................... viii
Acknowledgements................................................................................................................... xi
Authorship Declarations ......................................................................................................... xiv
Chapter 1 Cover Page................................................................................................................. 1
1. General Introduction.............................................................................................................. 2
1.1 What makes a predator move? The drivers of activity rhythms of mobile predators ..................... 2
1.2 Seascapes and Predators .................................................................................................................. 5
1.3 Tracking Marine Predators................................................................................................................ 6
1.4 White Sharks ..................................................................................................................................... 7
1.5 Thesis Aims and Outline .................................................................................................................... 8
1.6 Study Sites and Data Collected ......................................................................................................... 9
South Africa; Gansbaai, Joubertsdam, Dyer Island and Geyser Rock ............................................................ 9
The Farallon Islands ..................................................................................................................................... 12
Año Nuevo Island ......................................................................................................................................... 13
Tomales Point and the Point Reyes National Seashore ................................................................................ 15
Aptos Beach.................................................................................................................................................. 16
Cape Cod ...................................................................................................................................................... 18
The Neptune Islands ..................................................................................................................................... 19

Chapter 2 Cover Page............................................................................................................... 21
2. Cryptic habitat use of white sharks in kelp forest revealed by Animal-borne video .......... 22
2.1 Abstract ........................................................................................................................................... 22
2.2 Introduction .................................................................................................................................... 23
2.3 Methods .......................................................................................................................................... 23
2.4 Results ............................................................................................................................................. 24
2.5 Discussion........................................................................................................................................ 29
1.6 Acknowledgements ......................................................................................................................... 30
2.7 Additional Methods ........................................................................................................................ 30
Study Site...................................................................................................................................................... 30
White Shark Tagging .................................................................................................................................... 31
Data Analysis ................................................................................................................................................ 31

2.8 Additional Results ........................................................................................................................... 35
viii

Chapter 3 Cover Page............................................................................................................... 39
3. Diverse habitats shape the movement ecology of a top marine predator ......................... 40
3.1 Abstract ........................................................................................................................................... 40
3.2 Introduction .................................................................................................................................... 41
3.3 Methods .......................................................................................................................................... 42
Study Sites .................................................................................................................................................... 42
Data collection .............................................................................................................................................. 44
Data processing and pre-treatment ............................................................................................................... 45
Statistical analysis......................................................................................................................................... 46

3.4 Results ............................................................................................................................................. 48
The effects of area and size........................................................................................................................... 51
The Effects of diel phase .............................................................................................................................. 54

3.5 Discussion........................................................................................................................................ 56
Feed at the islands during the day - and the depths by night?....................................................................... 56
Differences by size, an internal constraint, competitive exclusion or different specialisations? .................. 57
Little influence of sex ................................................................................................................................... 58
Conclusions and future directions................................................................................................................. 59

3.6 Acknowledgements ......................................................................................................................... 59
3.7 Additional Results ........................................................................................................................... 61

Chapter 4 Cover Page............................................................................................................... 65
4. Circadian rhythms are conserved across populations and life stages of a globally
distributed marine predator .................................................................................................... 66
4.1 Abstract ........................................................................................................................................... 66
4.2 Introduction .................................................................................................................................... 67
4.3 Methods .......................................................................................................................................... 69
Data Collection ............................................................................................................................................. 69
Data Analysis ................................................................................................................................................ 72

4.4 Results ............................................................................................................................................. 74
Linear effects of diel phase and size on activity ........................................................................................... 75
Non-linear effects of time of day on activity ................................................................................................ 78

4.5 Discussion........................................................................................................................................ 80
Circadian rhythms are conserved .................................................................................................................. 80
Differences in Activity ................................................................................................................................. 81
Low evolutionary potential in white shark populations ................................................................................ 81
Bursting ........................................................................................................................................................ 82
Broader Implications & Conclusions ............................................................................................................ 83

4.6 Acknowledgments........................................................................................................................... 83
4.7 Additional Results ........................................................................................................................... 85

ix

Chapter 5 Cover Page............................................................................................................... 95
5. General Discussion ............................................................................................................... 96
5.1 Biologging reveals the seascape ecology of white sharks at local, regional and global scales: an
overview of research findings ............................................................................................................... 96
5.2 Lessons learned and future outlooks on the use of biologgers to study white sharks .................. 97
5.3 Concluding remarks ...................................................................................................................... 100

References ............................................................................................................................. 102
Final Thanks……………………………………………………………………………………………………………………..118

x

Acknowledgements
To my family, I want to say both thank you all for the support, and sorry I’ve been gone so long. I
haven’t seen a single person I’m related to since the turn of the Covid-19 pandemic, and it remains
unclear when I’ll be able to travel again. To Mum and Dad, thank you for everything you’ve done to
support me achieve my dreams, from a young kid who just wanted to watch Jaws and Jurassic Park all
day to the young adult who had the confidence to travel to the far corners of the earth in search of
sharks, and now, the tired man who just wants to finish his PhD. You’ve always had my back, and I miss
you both and Sam and Miles terribly.
To Tim and Amanda, Andy and Lindsay, all the Jewell’s, Clarke’s, Spikings’, Burden’s, Web’s and
Middleton’s – thank you all – I’ll make it to a curry soon, I promise!
None of this work would have been possible without the support of my supervision team. In early
2013 I began talking to Dr’s Taylor Chapple, Adrian Gleiss (both then of Stanford University) and
Salvador Jorgensen (Monterey Bay Aquarium) about putting camera tags on white sharks. 8-years
later, and this thesis is the result of all of our collective efforts, along with so many great collaborators
and so many cooperative sharks.
Adrian, thank you so much for having me in your lab, teaching me so much and helping me to grow.
From skipping through reefs in South Africa to sitting with elders by the fire in the remote Kimberly
region of Western Australia, we’ve shared some incredible moments in some incredible places, clear
reminders of why we do what we do.
Taylor, thank you so much for helping me take my ideas and run with them. From getting angry at
sting rays to taking shark selfies and momentarily becoming airborne on a particularly rough
northwester with Lwazi. We’ve had some incredible times in the field and enjoyed many beers in
between. I look forward to many more.
Sal, thank you for having me in your lab for three successive field seasons. I saw so much. I learned so
much and have too many memories to list. Eating sandwiches when sharks ambushed the bait and
watching Liverpool beat Man City on the way to the Premier League title is definitely up there though!
Steve Beatty, thanks for keeping me grounded and taking me to sea for the first time in WA! Hopefully,
England will have a better Ashes this time around, and I’m less homeless when they come back here!
Jennifer Verduin, thank you for being the best Academic Chair ever! You always gave great advice and
were always keen to catch up whenever we bumped into each other on campus.
I’ve had so many great colleagues at Murdoch University and the Harry Butler Institute. Evan, you
helped me out so much in the beginning, and now we’ve been housemates for more than three years.
You’ve always had my back when I’ve struggled, and we’ve been there for each other through so many
dramas; roofs collapsing, tires bursting, great hammerheads, and bin dives. They all sound a bit crazy
now, but what a life we’ve shared! Jenna, you’ve also had my back, either here in Murdoch or out in
the field in Roebuck Bay, from dolphin dissections to trouble shooting cam tags; we’ve definitely been
through a lot! Karissa, your cakes are legendary; you’ve been there for me from day one and continue
to be a great friend and colleague to turn to for advice. Tegan and Rachel, feathers and Maccas, need I
say anymore? Lauren, we got so fit we could eat all the jelly squirms; I’ve never done so much
BodyPump, CX, RPM, and just cycling in general in all my life! Chris, Wei, Dave Morgan, Siew Mee, Dan
Yeoh, Le Ma, Courtney, Rene, Tom, Alan Lymbery, Al Cottingham, Anthony, Holly, Nipa and Nuwandi at
Fish Health or HBI, you’ve all been great colleagues and teammates.

xi

Other friends at Murdoch have also been critical to my success and wellbeing, Clara in particular,
you’ve seen me through many coffees and glasses of wine. You’ve seen me at my best, and my worst
and always picked me up to be a better version of myself. Sorcha, Krista, Delphine, Valeria, Claire, Kurt,
Kate, Sian, Fred, Joe and James have all been great colleagues and friends. Danni McCullough most
definitely helped me get my life back on track the past four years, and Karinda, Jono, Alex, Alysha, Ann
and many others at The Zone helped me to get fit! At HBI, Andre, Roxanne, Pete, Ainsley, Grey, Cam,
Jessica, Jane, XinXin, Lei, Yang, Mia and Simon. I’ve loved my time at Murdoch and look forward to
many more visits as a collaborator and alumni in the future.
During my time in Central California, so many people helped me settle, helped me thrive and above all
else, enjoy and see as much of Monterey, San Francisco, and the Bay Area as possible. In particular,
Paul Kanive and Scot Anderson, who I joined at sea on so many occasions, we certainly went through a
hell of a lot together during that time, and I learned so much from the two of you. Pat, our Farallones
skipper and friend. Jerry, who was with me for so many technical troubleshooting, field planning, code
wizardry (on Jerry’s part, not mine) and burrito eating. Andre Boustany, who gave me somewhere to
live (that wasn’t Taylor’s apartment floor), someone to look up to, and so much good wine and
whiskey. The ‘Mayor of Pacific Grove’ Ernie Daghir, who literally knows everyone in town, and
introduced me to them all. So many great times with the two of you. Sammy Andrzejaczek, who was
my friend and colleague, first here in WA and then in California. So many great experiences shared, the
Halloween party in 2019 probably the top of them all! Vicky Vasquez, you took me for my first
Californian coffee the moment I arrived (that was promptly followed by my first Californian parking
ticket), you gave me somewhere to crash and explore San Francisco from, you introduced me to Shark
Fest, and above all else continued to be the great friend you always have been since we first met in
Mossel Bay so many years ago. Barb, you gave me the odd grilling, but I’ve loved being part of your
Hopkins team, and I’ll never forget the experiences I had on your boat at Año Nuevo. Alex McInturf, so
many great visits to see you in Davis; I can’t believe how much Mako has grown since then! Simone, so
many great SF catch ups! Bridget, my great hyena friend, I’ll always think of you when something
needs taxidermy. To my Monterey Bay Aquarium colleagues, Emily, Tyler, Bea, Kisei, Kyle, Sarah,
Athena, Terri, Kyle, Steve and many others. My Hopkins friends, Nat, Tim, Nate, Dave, Ted, Ray,
Hannah, Shirel, Jeremy and many others. And my colleagues at Monterey Bay Aquarium Institute,
Thom and Larry. Thank you all!
South Africa was my home for many years, but also where my PhD journey started on our last trip to
Gansbaai in 2017, many more trips have been planned, but I’ve yet to make it back; I hope to in the
near future! To Ali Towner, we’ve shared so much, colleagues for 12 years, friends for 14, your
friendship and support have meant so much over the years. From all the memories spent on-sea, from
the roughest of day’s hiding behind Dyer Island to the flattest of days with the sharks in the shallows
and the magic days surrounded by all the best sharks or tracking sharks through kelp forest (because
they do that!). Wilfred, Brenda, Susan and Mike, your support was the foundation that my career and
my adult life grew from. It’s been a long time since I lived in my shack with my cats and drove my
bright green golf around Kleinbaai, but those were the days I learned and grew the most; I’ll never
forget them! Henie, Toby, other Hennie, Cari, Etienne, Clarence, Kwezi, Kiera, Pieter, Jan,
Charmonique, Ebrahim, Nika, and many, many others at Marine Dynamics, the Dyer Island
Conservation Trust, Dyer Island Cruises, The Great White House and Marine Volunteers, you’ve all
been a part of this journey, and I’m debt to you all. Others in the South African White Shark Research
Group remain important collaborators, particularly Alison Kock, Charlene da Silva, Matt Dicken and
Enrico Gennari.
Ed & Anna are two of the most important friends, and collaborators I’ve met along the way, cheesy
garlic bread, all you can eat Asian fusion or Paul’s Sushi; all the most important work has been done
alongside good food and lots of wine!
I’ve also had some great international collaborators through this process; in particular, Charlie
Huveneers, Martin Wikelski, Megan Winton and Greg Skomal have given great advice, been extremely
xii

open and trusting collaborators and are all co-authors on manuscripts that will come from this thesis.
Matias Braccini has been a supervisor to my work at Fisheries WA since my scholarship ended at
Murdoch, the 6-9 months I’ve spent in the Shark Team has been incredible, and I’ve learned so much
from you and Jack Parker in particular. Thanks to Rachel Marks for introducing me to the Fisheries
team all those years ago when I first arrived here. David Sims, Nuno Queiroz, and others involved in
the Global Shark Movement project have also been incredibly important collaborators to me during
this time as well.
My life in Australia hasn’t always been straightforward, but I feel happier and more settled than ever.
To the ‘Loukes Lads’ Evan, Ben and Pablo (and Aunt Mae) – you’ve given me a Freo family when before
I had none, I love our house and the times we’ve spent together, from family dinners and movies to
Gran Turismo and Fifa, there’s never a dull time at our house! Chloe and Ernie, you will always be part
of our extended pizza family, and we miss you! To Zoe, you’ve also become a part of my family now,
and at a time I couldn’t imagine it happening. My life has changed completely in the time we’ve known
each other. So many great adventures we’ve had, so many more to look forward to! To all the Longley
family, particularly Sally, Griff and the dogs, you’ve made me feel so welcome; I love being a part of
your family, and you’ve given me so much advice for the big decisions made lately. I look forward to
more times ahead.
To the Sharky Beers Group and Associates; a lot of us have been on similar timelines with our PhD’s,
and now I feel the last few of us are almost there! Emily, Lauren, Lucy, Charlie, Hannah, Blair, Mel,
Steph, Brooke, Todd, Jon, Vic, Mike, Ben, and our Murdoch crowd, let’s have some more beers soon!
Bev Oh has been my shark friend for more than 13-years now, we’ve played tennis on the hottest of
Perth Summer days and had catch-ups with wine on the coldest winter nights, you’ve been there for
me through thick and thin, and yes, we need to play tennis again soon this summer! A shout out to the
rest of our group too, Fabrice, Freya, Riley, Elizabeth, Simone and Vicky! Hannah, Rich and Keeley, I
had no idea you were all here already when I agreed to travel to the world; it’s been great to have
some mid-Beds friends here in Perth! Finally, Perth Scuba and Blue Destiny have been my other
workplace for a good 9-months or so; I’ve learned so much about diving, rescuing people and got back
on the sea more often than I could have imagined. Thank you to Craig, Gordon, Lee, Joey, Braedon,
Kara, Nicole, Ritz, Chris, Dom, Jake, Jo, Dane and many, many others. I’ll be back on Blue soon!
Final thanks to my long-term friends overseas, many of whom I’ve not seen in several years now; Nick
Joes, the trip to Florida was incredible! Mark Vero & Matt Willis, you both have beautiful families, and
you’re always the first people I catch up with every time I’m in the UK; beers with Mark, Tennis with
Matt, I will get back one day, I promise! Dev Parashuram, we did manage to be in the same country at
the same time once! Hopefully again soon! Lauren Fritz, we did not, despite some near misses! You are
both very important members of my internal support network, and I miss you both!
I now look forward to my next adventure, having accepted a position at The Sequeira Lab, University of
Western Australia. There will be more adventures with sharks and other large marine life to follow it
seems!

xiii

Authorship Declarations
This thesis contains work that has been published and prepared for publication. By signing below, coauthors agree to the listed publication being included in the candidate’s thesis and acknowledge that
the candidate is the primary author, i.e. contributed greater than 50% of the content, and was
primarily responsible for the planning execution and preparation of the work for publication. As a
result, single author pronouns (I, me) are only used in the General Introduction and General
Conclusion of the main body of the thesis. In Chapters 2, 3 and 4, where multiple others have helped
me achieve research goals and are listed as co-authors below, multi-author pronouns (we, us) are
used.
Details of the work:
Jewell, O.J.D., Gleiss, A.C., Jorgensen, S.J., Andrzejaczek, S., Moxley, J.H., Beatty, S.J., Wikelski,
M., Block, B.A. & Chapple, T.K. (2019) Cryptic habitat use of white sharks in kelp forest revealed
by animal-borne video. Biology Letters, 15, 1-5.
Location in thesis:
Chapter 2: Cryptic habitat use of white sharks in kelp forest revealed by animal-borne video.
Contribution of work:
OJDJ, TKC, ACG and SJJ conceived the study. TKC, OJDJ, ACG, SJJ, MW, SJB and BAB took part in
logistical planning of study design, securing of funding, ethical approval and preparation for
fieldwork. OJDJ, TKC, ACG. and SJJ took part in Fieldwork. OJDJ, ACG, SA and JHM performed
Analysis. ACG, TKC, SJJ and SJB provided guidance on the interpretation of results. All authors
contributed to writing and drafting the manuscript, approved the final version and accept
responsibility for its content.
OJDJ contribution: 70-80%
Co-author signatures and dates:
Dr. Taylor Chapple
Dr. Salvador Jorgensen

Dr. Adrian Gleiss

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr. Samantha Andrzejaczek

Dr. Jerry Moxley

Dr. Stephen Beatty

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr. Barbara Block

Dr. Martin Wikelski

Date 16/08/2021

Date

xiv

Details of the work:
Jewell, O. J. D., Chapple, T. K., Jorgensen, S. J., Tweedley, J., Kanive, P. E., Moxley, J., Block, B. A.,
Anderson, S. & Gleiss, A. C. (In Prep.) Interactive effects of internal and external factors shape the
movement ecology of a top marine predator in contrasting coastal environments
Target journal: Journal of Animal Ecology
Location in thesis:
Chapter 3: Interactive effects of internal and external factors shape the movement ecology of a
top marine predator in contrasting coastal environments
Student contribution to work:
OJDJ, TKC, SJJ and ACG conceived the study and methodology. OJDJ, TKC, SJJ, PEK, JM, BAB and
SA contributed to data collection. OJDJ and JT conducted analysis with assistance from ACG.
OJDJ led the writing of the manuscript with the guidance of ACG. All authors have contributed
to drafting or discussing the chapter. A manuscript will be submitted to a journal in the near
future.
OJDJ contribution: 65-75%
Co-author signatures and dates:
Dr. Taylor Chapple
Dr. Salvador Jorgensen

Dr. Adrian Gleiss

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr James Tweedley

Dr. Paul Kanive

Dr. Jerry Moxley

Date April 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr Barbara Block

Mr Scot Anderson

Date 16/08/2021

Date 16/08/2021

xv

Details of the work:
Jewell, O. J. D., Chapple, T. K., Jorgensen, S. J., Huveneers, C., Winton, M., Skomal, G., Moxley, J.,
Kanive, P. E., Anderson, S., Block, B. A., Andrews, N. J., Payne, N. L., Fox, A., Edwards, D. & Gleiss,
A. C. (In Prep.) Circadian rhythms are conserved across populations and life stages of a globally
distributed marine predator, the white shark, Carcharodon carcharias
Target Journal: Proceedings of the Royal Society B
Location in thesis:
Chapter 4: Circadian rhythms are conserved across populations and life stages of a globally
distributed marine predator
Student contribution to work:
OJDJ, ACG, TKC & SJJ conceived the study and methodology. OJDJ, TKC, SJJ, CH, MW, GS, JM,
PEK, SA, DE, NP, AF contributed to data collection, CH, MW, TKC, SJJ & GS have contributed
data from existing projects that OJDJ was not a part of data collection. OJDJ conducted analysis
with guidance from ACG and NJA. OJDJ led the writing of the manuscript under supervision of
ACG, TKC & SJJ. All authors have contributed to drafting or discussing the chapter. A manuscript
will be submitted to a journal in the near future.
OJDJ contribution: 65-75%
Co-author signatures and dates:
Dr. Taylor Chapple

Dr. Salvador Jorgensen

Dr. Adrian Gleiss

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr Charlie Huveneers

Dr. Nicola Armstrong

Miss Megan Winton

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021

Dr Gregory Skomal

Dr Paul Kanive

Dr Jerry Moxley

Date 16/08/2021

Date 16/08/2021

Date 16/08/2021
Dr Barbara Block

Mr Scot Anderson

Date 16/08/2021

Date 15/09/2021

xvi

Mr David Edwards

Date 16/08/2021

Chapter 1

General Introduction

Cover Image: The tips of the dorsal and caudal fins of a white shark break the surface of the water
during a foggy day in Gansbaai while Cape gulls fly overhead. Oliver Jewell, Marine Dynamics.
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1. General Introduction
1.1 What makes a predator move? The drivers of activity rhythms of
mobile predators
The need to feed is a major driver of movement in mobile animals. Internal factors, such as hunger
and satiation or reproductive requirements, such as the need to mate and protect young require
specific daily or seasonal routines (Martin et al. 2013). While external factors, particularly how best to
adapt to or exploit environmental conditions, determine how these routines are shaped (Martin et al.
2008). The interaction between these internal and external factors governs when, why and how much
animals move and therefore ultimately shape the movement ecology of animals, large and small
(Nathan et al. 2008). However, these interactions are complex, as multiple internal and external
factors may be present simultaneously (Martin et al. 2013).
Predators need to capture prey to feed, which has shaped the evolution of diverse movement
strategies and predation techniques across taxa (Bengtson 2002). Some predators rely on size and
strength to capture prey (Carbone, Turvey & Bielby 2011), others rely on speed or camouflage,
ambushing prey before they have the chance to flee (James & Heck Jr 1994). Some predators
immobilise prey, either by setting traps or using venoms or toxins to prevent escape (Himaya, Marí &
Lewis 2018). However, most predators use a combination of several of these techniques and shape
their movement accordingly (Fry et al. 2009; Schendel et al. 2019). For example, predators that set
traps, such as spiders, have higher levels of locomotor activity when creating a web, followed by sitand-wait tactics until prey are caught and bursts in activity to kill and consume them (Mezofi et al.
2019). In comparison, a predator that actively searches for prey, such as a raptor, will have high levels
of activity throughout periods most suited to capturing preferred prey, followed by bursts during
capture attempts (Wu et al. 2016). Internal factors, such as physiology and metabolism (i.e. how
mobile the predator is, how easily it can detect its prey, and how much or how often it needs to eat)
are important drivers of this routine. For instance, mobile endothermic predators may become more
active and feed more regularly to build up lipid reserves ahead of periods of migration or hibernation
(Del Raye et al. 2013; Martin et al. 2013), while animals with low metabolisms, such as Nile crocodiles
Crocodylus niloticus or Greenland sharks Somniosus microcephalus may maintain low levels of activity,
feeding opportunistically and infrequently (Behangana et al. 2020; Ste-Marie et al. 2020). Yet, the
levels and durations of these activities are highly dependent on interactions with external factors such
as prey distribution and behaviour, competition, predation risk and environmental conditions that
may include refuge availability, ease of movement through features, and ambient changes in
temperature or light (Nathan et al. 2008).
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As long as external conditions remain stable, routines become engrained, with genetically innate cyclic
rhythms present in organisms from bacteria and plants to the largest of predators and their prey.
These rhythms form around the most important cyclic changes in environmental conditions for the
organism and allow organisms to anticipate cyclical changes in the environment. For instance, the
activity rhythms of intertidal predators are highly dependent on tidal cycles, as the availability of their
foraging habitats change with rising or falling water (Silva et al. 2010). In contrast, the activity rhythms
of hibernating predators have seasonal components (Bieber et al. 2014). In both cases, the
anticipation of cyclical change allows organisms to respond efficiently, such as crabs becoming active
during high tides or a bear seeking out its den for hibernation (McLoughlin, Ferguson & Messier 2000;
Silva et al. 2010). However, for most visual predators, circadian rhythms are the dominant cyclic
component in activity rhythms (Byrnes et al. 2021). Circadian rhythms are genetically ingrained
responses to day-night cycles and are timed by internal clocks rather than a response to light or dark
conditions (Yerushalmi & Green 2009). The importance of maintaining these rhythms has a direct
consequence for internal processes, including a predators metabolism and health (Sharma 2003).
Disrupting this rhythm can result in an increased risk of disease, lower reproductive success, and
reduced life expectancies (Beaver et al. 2002; Turek et al. 2005), yet may be enforced on a predator
by changes in prey availability, competition or habitat degradation (Bonnot et al. 2020). Such adaptive
rhythms are considered temporary deviations from a normal routine and revert once conditions allow
(Payne et al. 2013). The circadian rhythms of predators are expected to form around being most active
at times when a predator is most likely to capture their preferred prey (Eriksen et al. 2011; Gleiss et
al. 2013; Wu et al. 2016; Behangana et al. 2020).
Prey type and the structure of the environment are often important in determining the routines of
when and where predatory interactions can take place (James & Heck Jr 1994). For instance, grazing
prey may be spread over large areas in open landscapes, such as grassland plains, but become
concentrated in enclosed landscapes such as valleys or ravines (Rostro-García, Kamler & Hunter 2015).
Predators may need to search larger areas to locate prey in open landscapes, and predation risk will
be lower in these habitats as there are more escape options for prey (Lima & Dill 1990; Benhamou
1992). In contrast, in enclosed environments, where escape options may be limited, predation risks
increase (Rostro-García, Kamler & Hunter 2015; Hilborn et al. 2018). In these enclosed areas,
predators are more likely to adopt sit-and-wait tactics or area-restricted search patterns; as they wait
for prey to arrive in an area they are more likely to have capture success (Fauchald & Tveraa 2003). In
these situations, habitat heterogeneity is an important consideration, with areas providing complexity
such as foliage, used as refuges or camouflage for predators and prey alike (Wegner & Merriam 1979;
Davies et al. 2021).
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When prey resources are limited, competition between predators can affect movements and feeding
routines (McLoughlin, Ferguson & Messier 2000). Predators may compete for space or prey with
individuals or groups of the same (intra-specific) or different species (inter-specific). Competition for
prey resources may result in stronger predators excluding weaker predators from the best foraging
areas at times most suited to feeding (Reisinger et al. 2020). A dominant predator may use the
establishment of territory or aggression towards competitors to discourage other predators from
foraging in these areas and times. Yet weaker predators may counter this exclusion by using the same
areas at times more dominant predators are absent or resting (Lear et al. 2021), with greater group
numbers (Carbone et al. 2005), or by adopting excessively aggressive behaviours (Allen, Peterson &
Krofel 2018). Predators are expected to become more competitive as they grow. For instance, many
predators have greater internal constraints when young as they lack foraging experience, the size and
strength to tackle the same prey as adults, and have high mass-specific metabolic rates (Makarieva et
al. 2008). This means younger predators have to eat more often than adults but may not be able to
occupy the same niche or catch the same prey (Nakazawa 2015). As a result, younger animals may
have to be active for longer periods, have smaller home ranges, group in nursery areas, or rely on
parental care (Powell 2000; Martin et al. 2013; Fokkema et al. 2020; Byrnes 2021). As predators grow
and become more dominant, they become able to expand their diet, range, and activity rhythms. For
instance many bird and fish species have limited spatial ranges when young but make large-scale
migrations once sub-adult (Carlisle et al. 2012; Fokkema et al. 2020; Reisinger et al. 2020).
In addition to feeding requirements, reproductive status may also become an important internal
factor affecting movement and feeding routines once mature. Male and female predators of the same
species may experience different reproductive pressures at different times that may, in turn, affect
their ability or need to feed (Wacker & Amundsen 2014). For instance, the need to find or attract a
mate may take time and effort away from normal foraging routines (Martin et al. 2008). However,
male harassment may also cause females to avoid areas males inhabit, leading to sexual segregation
at foraging areas (Breed et al. 2006; Ruckstuhl & Neuhaus 2006). Reproductive seasons, gestation
periods and the need to lay eggs or give birth in appropriate locations drive the movements of many
of the world’s migratory species (Schofield et al. 2013; Naidoo et al. 2016; Lawson et al. 2019) and
have consequences for the feeding patterns of predators, which may experience changes in prey
availability or competition regardless of whether they migrate for reproductive purposes themselves
(Hofer & East 1993). The final stage of reproduction may involve caring for young by one or both sexes.
This naturally reduces the range of predators, as they need to return to care for and feed their young.
They may also need to catch more prey to feed them, which may cause greater periods spent foraging
and reduced time to rest (Martin et al. 2013).
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The activities and routines of predators will constantly evolve based on the balance between these
internal and external factors; however, the rate they are able to adapt to changes will vary at an
individual and species level (Nathan et al. 2008). With habitat degradation and biodiversity loss
accelerating globally, predators and their prey are under increasing pressures to adapt their routines
to these changes (Smith et al. 2003; Butchart et al. 2010; Bonnot et al. 2020). Understanding the
activity rhythms of predators and the factors that shape them is an important consideration in
determining the health of ecosystem functions, particularly those at risk of exploitation (KronfeldSchor & Dayan 2003; Nathan et al. 2008).

1.2 Seascapes and Predators
Marine environments are often overlooked as they are inaccessible or out of sight of most peoples’
day to day lives (Edgar, Samson & Barrett 2005). Yet, 17% of meat eaten by people globally comes
from the sea, and billions of people rely on marine systems for their diet or livelihood (Temmerman
et al. 2013; Costello et al. 2020). As a result, many marine ecosystems are under pressure from a range
of anthropogenic threats, such as overfishing, habitat degradation and climate change (Doney et al.
2012; Queiroz et al. 2019; Folke et al. 2021; Pacoureau et al. 2021).
The marine environment is composed of a plethora of distinct habitats that may be referred to as
‘seascapes’, a representation of locations that share common or diverse abiotic and biotic
characteristics. Seascapes can extend from the sea surface to seafloor, including slope and bottom
structure (Pittman & Brown 2011). The use of the term seascape is incredibly diverse, depending on
the specific characteristics considered, and can range from the super-scale components of ocean
basins, to small-scale components of intertidal microhabitats (Navarrete & Berlow 2006; Kavanaugh
et al. 2016), yet the term is often used to describe specific habitats, such as coral reefs or areas of
seagrass (Wedding & Friedlander 2008; Olson et al. 2019). Ecosystem engineers, such as kelp, coral,
oyster, or mangrove species, add complexity and biodiversity to seascapes (Jones, Lawton & Shachak
1994). This added structure and biodiversity draws predators to seascapes, influencing their habitat
use and their effect on prey species (MacNeil et al. 2020; Lester et al. 2021). The structure of a
seascape can determine where predatory interactions take place. For instance, in subtropical seagrass
systems, tiger sharks (Galeocerdo cuvier) seek out shallow habitats, where more mobile prey such as
marine mammals and sea turtles are easier to catch (Heithaus et al. 2002). These prey species also
prefer to feed in shallow areas but need deeper water to escape predation attempts from tiger sharks,
causing all species to aggregate close to edge microhabitats (Heithaus et al. 2009). While in temperate
and arctic regions, at island seascapes, top predators such as killer whales Orcinus orca or leopard
seals Hydrurga leptonyx, learn the routes prey species take between haul out areas and foraging
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grounds, ambushing them at optimal times, such as crepuscular hours (Ainley et al. 2005; De Vos &
O'Riain 2010; Reisinger, de Bruyn & Bester 2011). Yet the logistics of working in temperate or arctic
marine systems are challenging, particularly if they are located far from shore, as a result, studies
examining the effects of seascape characteristics on the movements of marine predators are often set
in near-shore or tropical systems (e.g. Heithaus et al. 2002; Heithaus et al. 2009; Papastamatiou et al.
2018c; Peel et al. 2019; Andrzejaczek et al. 2020; Byrnes et al. 2021).

1.3 Tracking Marine Predators
Understanding the movements of marine predators requires overcoming multiple challenges, from
accessing the areas they inhabit, to collecting data on where they move to, which is limited by the fact
radio signals don’t travel well through salt water. Two traditional solutions to these challenges have
been to use ARGOS-based satellite-linked radio transmitters (SLRT) that attach to a part of a marine
animal likely to reach the surface and archival tags that store data throughout a deployment and then
transmit a location and summary of data once they detach from the animal (Weng et al. 2005; Ajemian
& Powers 2014; Spaet et al. 2020). Some of the strengths in using these methods include the mapping
of long-distance migration patterns, recording vertical habitat use and deep-sea migrations, and
identifying areas of habitat use that overlap with protected or threatened areas, information that is
unattainable without telemetry (Block et al. 2005; Fossette et al. 2010; Sulikowski et al. 2010; Block
et al. 2011; De Bruyn et al. 2011; Yonehara et al. 2016; Arrowsmith et al. 2021). The trade-offs in
collecting this information often include low sample sizes, a lack of sub-surface movements, poor
spatial resolution, and the difficulty in retrieving archival tags from remote locations (Hays et al. 2007;
Musyl et al. 2011; Sequeira et al. 2019).
An alternative approach for tracking marine predators is to use acoustic telemetry, which involves
placing ultrasonic transmitters on marine animals and tracking their position using either anchored
receiver stations or following their movements with tracking vessels or sail drones (Hussey et al. 2015;
Crossin et al. 2017; Mordy et al. 2017). Such transmitters can be used to measure finer-scale
movements and can be equipped with accelerometers to measure activity levels (Jewell et al. 2013;
Lear et al. 2020) yet are limited by transmissions only being recorded when within a restricted distance
from a receiver and can thus require many receiver stations for adequate spatial coverage in open
environments (Voegeli et al. 2001). Assessing the localised movements, routines, and foraging
patterns of mobile marine predators requires tools that utilise the strengths of traditional methods
but record movement metrics at a much greater temporal and spatial resolution, such as biologgers,
that archive data to internal memory stores rather than transmitting it (Shepard et al. 2008b).
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The development and use of biologgers have increased greatly in recent years (Hays et al. 2016). In
marine systems, biologger deployments generally involve three major steps; attachment to the
animal, recording data on movement metrics such as dive depth or activity, and detachment and
recovery so the stored data can be downloaded (Wilson et al. 1993; Wilson, Shepard & Liebsch 2008;
Gleiss et al. 2009). An additional requirement for biologgers placed on animals that may travel large
distances during a deployment is to retrieve the data safely. Recovery of data usually requires
transmitters that reveal the locations of biologging units post-release, such as SLRT, VHF or acoustic
transmitters (Lear & Whitney 2016; Whitmore et al. 2016). Data from biologgers can be used to
calculate proxies for activity such as dynamic acceleration or stroke frequencies (Gleiss, Wilson &
Shepard 2011; Qasem et al. 2012), proxies for feeding such as bursts of acceleration (Cade et al. 2016;
Brewster et al. 2018), horizontal and vertical search patterns (Leos‐Barajas et al. 2017; Andrzejaczek
et al. 2019a), and to classify or infer a range of behaviours or activity cycles (Hounslow et al. 2019;
Clarke et al. 2021). Biologgers can also have cameras housed within them that help validate
acceleration signatures and reveal cryptic behaviours or traits (Goldbogen et al. 2017; Papastamatiou
et al. 2018b).

1.4 White Sharks
The white shark (Carcharodon carcharias) is an iconic large marine predator with threatened
populations across a near-global temperate distribution. Major aggregations for the species have been
described off the coasts of western and eastern North America (Jorgensen et al. 2010; Chapple et al.
2011; Domeier 2012; Skomal, Chisholm & Correia 2012; Skomal et al. 2017), Southern Africa (Bonfil et
al. 2005), and Australia and New Zealand (Bruce, Stevens & Malcolm 2006; Duffy et al. 2012; Francis,
Duffy & Lyon 2015; Huveneers et al. 2018a), with historical or more cryptic populations also present
in South America (Amorim et al. 2017), parts of Asia (Chang et al. 2014), the Mediterranean and the
Northeast Atlantic (Fergusson 1996; Boldrocchi et al. 2017). The species is long-lived, with natural life
spans of at least 50–75 years (Hamady et al. 2014) and faces a range of threats across its distribution,
including targeted fishing (Madigan et al. 2021), overlap with non-targeted fishing (Queiroz et al.
2019), shark culling associated with bather protection programmes (Cliff, Dudley & Davis 1989; Cliff &
Dudley 1992; Dudley 1997) and predation by killer whales (Hammerschlag et al. 2019; Jorgensen et al.
2019). Although white sharks have been protected by various local and international legislations (i.e.
Compagno 1991; Fergusson, Compagno & Marks 2009), conservation measures have struggled to
balance the need to protect the species against media stigma and public trepidation in the wake of
shark sightings or attacks (Neff 2012; Pepin‐Neff & Wynter 2018) and there is limited evidence of
consistent population growth (Towner et al. 2013b; Dulvy et al. 2014; Hillary et al. 2018; Kanive et al.
2021).
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White sharks are drawn to rocky outcrops and remote beaches used by pinniped species as haul out
areas (Bruce, Stevens & Malcolm 2006; Hammerschlag, Martin & Fallows 2006). They are thought to
favour foraging in shallower waters adjacent to pinniped haul out areas that provide access to a
predictable source of prey. As a result, white sharks display high site fidelity to these foraging areas
and are seasonally found in spatially restricted areas in several areas of the world (Bruce & Bradford
2012; Skomal, Chisholm & Correia 2012; Kock et al. 2013). This predictable occurrence has helped
white sharks become a model species for studies examining marine predator habitat use and foraging
(De Vos & O'Riain 2010; Sims et al. 2012; Hammerschlag et al. 2017a). Because of their large size, they
have also become model species for testing new technologies and were among the first marine
animals to carry devices such as acoustic or satellite transmitters (Carey et al. 1982; Boustany et al.
2002). In recent years, biologgers have been successfully deployed on the species (Chapple et al. 2015;
Jorgensen et al. 2015), revealing swimming strategies, unique foraging areas and interactions with and
the influences of ecotourism (Huveneers et al. 2018b; Jewell et al. 2019; Liu et al. 2019; Watanabe et
al. 2019b; Watanabe et al. 2019a). However, as white sharks grow, they move between regions,
encountering different habitats, aggregation areas and prey species (Bonfil et al. 2005; Carlisle et al.
2012; Duffy et al. 2012; Hamady et al. 2014; Skomal et al. 2017). The diets, habitat use, and foraging
behaviours of the species are expected to change during this time as they experience ontogenetic
shifts and new environments (Hussey et al. 2012; Christiansen et al. 2016; French et al. 2018). Yet, as
most studies on the species have been limited to single areas, similar-sized sharks, or have used
different methodologies, a significant knowledge gap remains on how individuals might behave across
different seascapes or at different stages of life.

1.5 Thesis Aims and Outline
This thesis aims to understand how white sharks move in and around their environments, using
biologging technology to gain novel perspectives on their foraging and movement ecology. I have
taken three approaches at different temporal and spatial scales of detail while linking activity to
foraging and seascape. Specifically, the questions asked are:
1.

How can new technology give insight into the predator-prey relationships of top predators at

a remote and complex seascape?
2.

What are the interactive effects of internal and external factors shaping the movement

ecology of a top predator at contrasting seascapes?
3.

Is there an innately driven activity rhythm in a top marine predator occurring in isolated

populations globally?
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These questions have formed three separate data chapters, which are all prepared for publication;
The first chapter has already been published as ‘Cryptic habitat use of white sharks in kelp forest
revealed by animal-borne video’ (Jewell et al. 2019; Chapter 2). This study used new technology to
record interactions of two top predators that moved within features at a complex seascape, including
kelp forests and reefs. The study uses animal-borne video and environmental data collection systems
(AVEDs) to record the movements of white sharks in kelp forests and categorise activities and turning
rates within them.
Chapter 3 takes a regional-scale approach to examine the interactive effects of internal and external
factors influencing the movement ecology of white sharks at separate aggregation areas. Sharks were
tagged with biologgers using the same methods at four separate and contrasting aggregation areas in
Central California. These sites are linked by the movements of individuals yet segregated by size. A
comparative approach is used to examine the influence of area, size, sex, and diel phase on the
movements of white sharks in a multivariate statistical framework.
Chapter 4 explored if there were circadian components or local adaptions driving activity rhythms in
white sharks at aggregation sites globally. A comparative approach, modelling the activity rhythms of
white sharks at separate aggregation areas was used. Biologging datasets from 104 sharks, across
eight areas from each of the four main global populations are used, and linear and mixed models are
used to determine periods of activity during different diel phases and times of the day, respectively.
Finally, in Chapter 5, a general discussion and synthesis of findings are presented. I discuss the findings
of the data chapters in relation to identified key questions in marine megafauna movement ecology
and the future directions of white shark research. I then discuss the context these results fit within
existing studies in the field and identify future applications that may follow them.

1.6 Study Sites and Data Collected
Several study sites are used in this thesis, all of which have been previously identified as important
white shark aggregation areas. In line with the questions asked during the various chapters in the
thesis, different data sets from different study areas were used from chapter to chapter.

South Africa; Gansbaai, Joubertsdam, Dyer Island and Geyser Rock
Gansbaai is one of the most well-known white shark aggregations globally, previously home to the
largest described population of the species (Towner et al. 2013b). Situated approximately 100 km east
of Cape Town on South Africa’s southwestern coastline, the town has several ecotourism operators
operating out of Kleinbaai Harbour (Figure 1.1). Previous white shark research in the area has often
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focused on observations recorded from ecotourism vessels (Johnson & Kock 2006; Sperone et al. 2010;
Jewell et al. 2011; Towner, Smale & Jewell 2012; Towner et al. 2013a; French et al. 2017), particularly
population demographics and influences of environmental conditions on sightings (Towner et al.
2013a; Towner et al. 2013b). The area has also been used for several telemetry studies exploring the
residencies and migration patterns of the species (Bonfil et al. 2005; Johnson & Kock 2006; Kock &
Johnson 2006) or their fine-scale movements patterns (Jewell et al. 2014; Towner et al. 2016).
Individual white sharks remain resident in the aggregation area for between several weeks to several
months (Towner et al. 2013b), interspersed by migrations further up the coastline of South Africa,
with sharks over 300 cm TL making return migrations to the Mozambique Channel (Bonfil et al. 2005;
Kock et al. Submitted). Within the Gansbaai area, two distinct hotspots of aggregation are found, the
first an inshore bay known as Joubertsdam with large reef systems throughout and a kelp forest to its
eastern side (Towner et al. 2016), and the second at Dyer Island and Geyser Rock, two islands
separated by a narrow channel known as Shark Alley (Figure 1.2) and surrounded by kelp forest,
shallow ridges, and reef systems (Jewell et al. 2014).
There are between 50,000 and 60,000 Cape fur seals found on Geyser Rock, and the predatory
behaviours of white sharks feeding on them peak in the middle of the day (Johnson et al. 2008; Jewell
et al. 2014; Towner et al. 2016; Hammerschlag et al. 2017a). Two distinct movement strategies by
foraging white sharks have been described in this area, with sharks performing area restricted search
patterns and active patrols. Area restricted searches were defined by back and forth movements over
small areas and occurred either close to the seal colony or alternatively close connected reef or kelp
systems, presumably in anticipation of seals passing through (Jewell et al. 2014; Wcisel et al. 2015;
Towner et al. 2016), while active patrols included more linear movements often connecting different
areas of interest such as reefs or kelp forest. White sharks have been recorded catching seals while in
either movement state (Towner et al. 2016).
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Figure 1.1. (Previous page) Gansbaai Study Sites. A), B) Gansbaai’s setting on the South African
coastline and the study sites Dyer Island and Geyser Rock and Joubertsdam within it. C) Detailed
mapping of the Geyer Rock and Dyer Island system. This figure has been adapted from Jewell (2013)
and uses base mapping layers provided by Ian Kootze of Agri GIS, South Africa.

A

B

Figure 1.2. Gansbaai Seascapes. A) The inshore area of Joubertsdam appears featureless compared to
the complexity of the nearby Dyer Island and Geyser Rock system yet contains multiple reef systems
below the surface. Photo credit Alison Towner. B) Cape fur seals thermoregulating off Geyser Rock
during wintertime. Photo by Oliver Jewell
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The Farallon Islands
Coastal Central California contains the north-eastern hotspot for the Northeast Pacific (NEP)
population of white sharks. An area referred to colloquially as the ‘Red Triangle’ extends from Bodega
Bay to the Farallon Islands and down to the southern limits of Monterey Bay and includes haul out
pinniped colonies of several species and well described white shark aggregation areas. The first of
these areas described, at the Southeast Farallon Islands, was discovered by Point Reyes Bird
Observatory observers working on the islands in the 1970s who noted that white sharks were regularly
seen preying on northern elephant seals (Mirounga angustirostris) during autumnal and winter
months (Ainley et al. 1981). Further surveying for predations began, and their spatiotemporal patterns
revealed predation rates were highest at the middle of the day and increased during high tides (Ainley
et al. 1985; Klimley et al. 1992). Tracking white sharks revealed that larger white sharks occupied more
concentrated spatial areas than smaller individuals (Goldman & Anderson 1999). Goldman and
Anderson (1999) suggested this may either be the result of greater experience foraging around the
Farallon Islands or competitive exclusion by larger sharks of smaller sharks from these preferred areas.
The Farallon Islands are situated 50 km offshore of San Francisco (Figures 1.3). Five pinniped species
haul out here, and white sharks are found feeding on them from August to January, with peaks in
sightings and predations during September and October (Anderson & Goldman 1996; Chapple et al.
2011; Chapple et al. 2016). The same sharks are seen year to year, with some individuals being sighted
for over 25 years and philopatry confirmed by photo identification and telemetry (Boustany et al.
2002; Jorgensen et al. 2010; Anderson et al. 2011; Jorgensen et al. 2012b; Kanive et al. 2015; Chapple
et al. 2016; Kanive et al. 2019; Kanive et al. 2021). This site is more often associated with very large
white sharks, with demographics indicating a bias towards adults and large sub-adults. Very few
smaller sub-adult sharks are sighted here, and juveniles are seldom recorded (Chapple et al. 2011;
Kanive et al. 2019; Kanive et al. 2021).
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Figure 1.3. The Farallon Islands (continued from the previous page) A) The Farallon Islands position on
the Central California coastline. B) The grey box is used to indicate this study site in Chapters 3 and 4.
C) Sampling for white sharks at the Farallon Islands. Photo by Oliver Jewell, in picture are Scot Anderson
and Thomas Farrugia of Monterey Bay Aquarium.

Año Nuevo Island
Año Nuevo Island was first described as an aggregation area for white sharks when pinniped
researchers noticed bites on elephant seals, with the areas surrounding the island noted as the highest
density of occurrence of bitten pinnipeds in Central California (Le Boeuf, Riedman & Keyes 1982; Le
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Boeuf & Crocker 1996; Long et al. 1996). The site was described in several papers during the first white
shark conference proceedings (Klimley & Ainley 1996), yet sharks were only tagged at the site from
the late 1990s (Klimley et al. 2001a; Klimley et al. 2001b). The island has similar pinniped and white
shark demographics to the Farallon Islands (Le Boeuf et al. 2011), with similar numbers of adult and
large sub-adult sharks sighted in autumnal months (Chapple et al. 2016; Kanive et al. 2021). However,
smaller sub-adults and juvenile sharks are also seen at Año Nuevo Island, and shark sightings tend to
peak a few weeks later than at the Farallon Islands (Chapple et al. 2016; Jorgensen et al. 2019; Kanive
2020). The island group is much closer to shore than the Farallon Islands, approximately 400 m off
Point Año Nuevo and 30 km North of Santa Cruz (Figure 1.4).
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Figure 1.4. (Continued from previous page) Año Nuevo Island. A) Año Nuevo’s positioning off the
Central Californian coast. B) The red box is used to indicate this study site in Chapters 3 and 4. C)
Sampling for white sharks at Año Nuevo Island. Photo by Oliver Jewell, in photo are Taylor Chapple and
Ted Reimer of Hopkins Marine Station, Stanford University.

Tomales Point and the Point Reyes National Seashore
Tomales Point forms between the northern end of the Point Reyes National Seashore headland and
the mouth of Tomales Bay (Figure 1.5 A, B). The region is characterised by its remote rocky shore
beaches and cliff faces (Figure 1.5 C). White shark sightings in this region have been noted since the
first Californian studies (Ainley et al. 1981; Ainley et al. 1985; Boustany et al. 2002) and were reviewed
by Anderson et al. (2008). The population of white sharks identified here are linked with the other
sites described in California, with both telemetry and photo ID confirming movement between all
three areas (Anderson & Goldman 1996; Boustany et al. 2002; Jorgensen et al. 2012b; Kanive et al.
2015; Chapple et al. 2016). Haul out sites for all five pinniped species are found at various sites along
the headland, and Bodega Bay, with colonies, also found at Bird Rock and Bodega Rock island outcrops.
White Sharks can be found at various points along the Point Reyes headland and Bodega Bay
(Anderson, Becker & Allen 2008; Chapple et al. 2011).
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Figure 1.5. Tomales Point. A) Tomales Point’s positioning off the Central Californian coast. B) Blue is
used to categorise the study site in Chapters 3 and 4. C) Tomales Point as seen from sampling location
on-sea. Photo by O. Jewell.

Aptos Beach
The white shark aggregation area off Aptos, Santa Cruz, California, is comparatively newly described.
White sharks are present off the beach of Aptos, in an area that has been colloquially termed ‘Shark
Park’ throughout summer months since the 2014–2016 North Pacific marine heatwave (Tanaka et al.
2021). Initially thought to be a novel occurrence, sightings of juvenile white sharks have increased in
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recent years and are now commonly sighted between April and August each year. Sharks are often
sighted cruising at the surface close to the shoreline throughout Monterey Bay, with a bias towards
the north-eastern limit of the bay, directly offshore of Aptos. This area is partially sheltered from
prevailing north-western winds and has a relatively featureless predominantly sandy seafloor (Plant
& Griggs 1992). Population demographics are overwhelmingly comprised of small juveniles (175 cm
to 249 cm TL) with some young of the year (< 175 cm TL) and the occasional larger juvenile (250 cm
to 299 cm TL) or sub-adult (> 300 cm TL) sighted (Tanaka et al. 2021). The emergence of this white
shark aggregation has caused both concern and intrigue from management authorities, press and
public alike, as it creates potential conflicts with commercial fisheries, other protected species and
causes public safety concerns (Nicholson et al. 2018; Moxley et al. 2019; Tanaka et al. 2021). This
concern has led to an urgency for more information on the species habitat use within the area.
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Figure 1.6. (Continued from previous page.) Aptos A) The position of Aptos on the Central Californian
coastline. B) Purple is used to categorise the area in Chapters 3 and 4. C) An aerial image of white
sharks taken from Tanaka et al. (2021). The image captures six individuals, note their position relative
to the coastline where many people are present.

Cape Cod
Cape Cod is situated on the North-eastern shoreline of the US state of Massachusetts. While white
sharks have always been present in the region, sightings of the species close to the shoreline here
have increased dramatically in the last 10–15 years, as local numbers of grey seal Halichoerus grypus
populations recover (Skomal, Chisholm & Correia 2012; Curtis et al. 2014; Moxley et al. 2020; Winton,
Sulikowski & Skomal 2021). White sharks are sighted in the region in particularly high numbers during
the late summer and early fall months when predation events involving grey seals are seen close to
the shoreline (Skomal, Chisholm & Correia 2012). Interactions are mostly recorded on the outer bank
of the Cape Cod coastline, a stretch of water extending around 50 km in length, characterised by evershifting sandbars, barrier beaches and tidal inlets (Giese, Williams & Adams 2015; Winton, Sulikowski
& Skomal 2021). Grey seals use the sandbars as haul out areas attracting white sharks to these sites
as they attempt to predate upon them as they swim between shoreline refuges and offshore foraging
grounds (Moxley et al. 2017; Skomal et al. 2017). In response to the presence of white sharks, grey
seals focus their movements to and from shore to night time, and there are strong effects of lunar
cycles on both species activity cycles, thought to be related to both light and tidal cycles (Moxley 2016;
Moxley et al. 2020).
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Figure 1.7. Cape Cod Cape Cods situation on the Massachusetts coast. Light blue is used to categorise
this study area in Chapter 4.

The Neptune Islands
The Neptune Islands Group (Ron and Valerie Taylor) Marine Park is located in the southern reaches of
the Spencer Gulf, a region that has been noted as a hot spot for white sharks since interest in the
species first grew in the 1970s (Bruce 1992; Strong et al. 1992; Strong et al. 1996). The island system
is comprised of two groups approximately 10 km apart, the North and South Neptune Islands. White
sharks are naturally attracted to the islands by large colonies of long-nosed fur seals Arctocephalus
forsteri and Australian sea lions Neophoca cinerea (Robinson et al. 1996). In addition the area is well
known for white shark cage diving (Bruce & Bradford 2013; Huveneers et al. 2013; Huveneers et al.
2017) and tourists vessels using chum and baiting methods similar to those used in South Africa to
view sharks (Huveneers et al. 2018b; Meyer et al. 2020; Meyer et al. 2021). There has been some
concern that this process may affect the residency and activity levels of white sharks (Bruce & Bradford
2013; Huveneers et al. 2013; Huveneers et al. 2018b), yet natural predatory behaviour is still recorded
in the area (Watanabe et al. 2019a), and the practice is not thought to affect the diet or health of the
species (Meyer et al. 2019). White sharks are present at the Neptune Islands year-round. They make
short migrations between the island groups and other areas of the Spencer Gulf region during
residency periods that may last several days to several weeks between migrations to other areas of
the Australian coast or New Zealand (Bruce, Stevens & Malcolm 2006; Robbins 2007).
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Figure 1.8. The Neptune Islands Group (Ron and Valarie Taylor) Marine Park A) The island Groups
location off the South Australian coast. B) The North and South Neptune Islands, are separated by
approximately 10 km.
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Chapter 2

Cryptic habitat use of white sharks in
kelp forest revealed by Animal-borne
video
Originally published in Biology Letters, April 2019
Oliver JD Jewell, Adrian C Gleiss, Salvador J Jorgensen, Samantha Andrzejaczek,
Jerry H Moxley, Stephen J Beatty, Martin Wikelski, Barbara A Block & Taylor K Chapple
https://doi.org/10.1098/rsbl.2019.0085

Cover Image: A white shark with CATS Cam attached swims past Cape fur seals refuging in kelp
fronds at Dyer Island, South Africa
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2. Cryptic habitat use of white sharks in kelp forest
revealed by Animal-borne video
2.1 Abstract
Traditional forms of marine wildlife research are often restricted to coarse telemetry or surface-based
observations, limiting information on fine-scale behaviours such as predator-prey events and
interactions with habitat features. We use contemporary animal-attached cameras with motion
sensing dataloggers to reveal novel behaviours by white sharks, Carcharodon carcharias, within areas
of kelp forest in South Africa. All white sharks tagged in this study spent time adjacent to kelp forests,
with several moving throughout densely kelp-covered areas, navigating through channels and pushing
directly through stipes and fronds. We found activity and turning rates significantly increased within
kelp forest. Over 28 hours of video data revealed white shark encounters with Cape fur seals,
Arctocephalus pusillus pusillus, occurring exclusively within kelp forests, with seals displaying predator
evasion behaviour during those encounters. Uniquely, we reveal the use of kelp forest habitat by white
sharks, previously assumed inaccessible to these large predators.
Key Words:
Animal-borne Video and Environmental Data Collection Systems (AVEDs), Biologging, Foraging,
Camera Tags
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2.2 Introduction
Determining how predator and prey interact with their surroundings is critical to our understanding
of ecosystem dynamics and functioning (Heithaus et al. 2008). The structure and complexity of a
habitat can mediate the success of predators or response from prey (Warfe & Barmuta 2004), yet
predation events are inherently rare and are difficult to observe in the wild, particularly in marine
environments (Hays et al. 2016). Surface-based observations have described interactions between
white sharks (Carcharodon carcharias) and Cape fur seals (Arctocephalus pusillus pusillus) (Laroche et
al. 2008; De Vos & O'Riain 2010; Wcisel et al. 2015). These have revealed that white sharks typically
ambush seals at the surface during crepuscular hours as they swim to or from their terrestrial refuges
(De Vos & O'Riain 2010). However, recent studies have identified one key aggregation area where
different patterns occur; the Dyer Island Marine Reserve (Gansbaai, South Africa). Unlike elsewhere,
white sharks here occupy small areas close to the seal colony throughout daylight hours (Jewell et al.
2014). Around this island, sharks predominantly display two distinct behavioural states; area restricted
searching or active patrolling (Towner et al. 2016) and typical predatory behaviour at the surface is
rare (Wcisel et al. 2015). Here, seals also exhibit lower stress hormone levels than at other sites
(Hammerschlag et al. 2017a). The abundance of kelp at Dyer Island compared to other seal rookeries
is considered a possible reason for the observed differences in predator-prey interactions, as kelp is
thought to provide refuge for seals from white sharks (Jewell et al. 2014; Wcisel et al. 2015; Towner
et al. 2016; Hammerschlag et al. 2017a), in a similar way that it does for sea otters in California
(Nicholson et al. 2018). However, the hypothesis that kelp provides an unsuitable habitat, or barrier
for white sharks in South Africa has not been tested, because previous research was limited to surfacebased observations (Wcisel et al. 2015) and coarse telemetry positions (Jewell et al. 2014; Towner et
al. 2016). Recent advances in the field of biologging have made it possible to explore cryptic
behaviours of a wide range of species by collecting visual data from animal-attached video systems
and behavioural data through animal motion sensing via ´animal-borne video and environmental data
collection systems´ (AVEDs (Moll et al. 2007; Hays et al. 2016)). Here, we utilised AVEDs to examine
the cryptic interactions between white sharks and Cape fur seals in this region in an attempt to
understand the role kelp forests play in the foraging behaviour of white sharks.

2.3 Methods
We tagged eight white sharks ranging from 275–365 cm total length with high-resolution
camera/motion sensor AVEDs (CATS Cam, Customized Animal Tracking Solutions; CaféCam, Monterey
Bay Aquarium Research Institute), near a Cape fur seal colony on Geyser Rock, in the Dyer Island
Marine Reserve, near Gansbaai, South Africa during May 2014 (Department Environmental Affairs
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permit RES2014/34). Sharks were attracted to a research vessel (Jewell et al. 2014) before being fitted
with AVEDs (comprised of HD video cameras and 12 channels of biologging data), using a minimally
invasive stainless steel fin clamp (Gleiss et al. 2009; Chapple et al. 2015). Cameras were programmed
to record during daylight hours for a maximum duration of 8 hrs over a 24–72 hr period of deployment.
The AVEDs then released from the animals and were retrieved using VHF telemetry at the surface
(Chapple et al. 2015).
We categorised habitat and prey encounters by analysing videos in Solomon Coder (version beta
17.93.22, (Mirkó, Dóka & Miklósi 2013)), recording all observations of anchored kelp by occurrence
and duration, determining kelp to be of high-density when present and filling ≥ 50% of the available
frame and low-density if less. The presence of seals was also recorded, as were incidences when sharks
made contact with or moved between narrow gaps in kelp. To explore these interactions further, we
created dead-reckoned pseudo-tracks, derived absolute turning angles every second as a proxy for
track tortuosity and calculated Overall Dynamic Body Acceleration, ODBA, as a proxy for locomotor
activity from tri-axial accelerometer and magnetometer data (Shepard et al. 2008b; Gleiss, Wilson &
Shepard 2011; Andrzejaczek et al. 2018).
To determine the significance of differences observed in movement behaviour inside and outside kelp
habitats, we implemented a Randomisation Analysis using Kruskal-Wallis rank sum comparison to test
for differences in turning angles and ODBA across bootstrap replicates. Each replicate was subsampled
(minimum 30 second interval) proportionally to the observed time spent within and outside kelp
habitats before statistical differences were tested between habitat groups (Kruskal-Wallis test). Over
1000 iterations, distributions of the test statistic and median rank sum difference (see Figures 2.8 and
2.9 in Additional Results) determined the significance of kelp effect on behaviour by reporting the
percent of randomly sampled replicates exhibiting significant differences. All statistical analyses were
conducted within R (R_Core_Team 2018) and are described in greater detail within the Additional
Methods and Results (Sections 2.7 and 2.8).

2.4 Results
A total of 28.5 hours of video data from eight sharks (mean of 3.6 hrs, ± 1.7 (standard deviation); Table
1) were analysed and a total of 1,340 incidences of kelp presence were recorded, covering 4.9 hrs
(17% of total footage, mean of 20.5% ± 19.1). Technical issues meant activity (ODBA) could only be
matched to video in four of these deployments, with pseudo-tracks derived in three of these (see
Section 2.7). Kelp was observed in footage from all eight sharks, ranging from 1 – 60% of individuals’
total footage, with seven sharks repeatedly moving into densely covered areas and four sharks making
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direct contact with kelp fronds or stipes (Figure 2.1), while the eighth (Shark 1) appeared to have left
the island system. This was confirmed by the sharks tag being recovered over 50 kilometres away from
the study site at a beach in Struisbaai. Two sharks encountered other white sharks while swimming
through kelp forest (Figure 2.6, Section 2.8). Thirty-six incidences of contact with kelp occurred with a
majority (31) of those recorded from one shark (Shark 5). Ten interactions with seals were recorded,
all within dense kelp and all from a single shark (Shark 5). Seals were in groups of one to three
individuals and responded to the presence of the shark by blowing bubbles, swimming deeper into
kelp, or hunkering to the seafloor (Figure 2.2). The shark responded by turning sharply, eventually
pushing directly through kelp while increasing activity (https://royalsocietypublishing.org/doi/suppl/
10.1098/rsbl.2019.0085). No successful predation events were observed in the footage, but ODBA and
turning angles differed significantly in the presence of kelp.

Figure 2.1. Repeated usage of kelp forest by white sharks as observed in AVED footage. All
observations of low (teal) and high (dark green) density kelp forest over time of video analysed per
shark. All white sharks encountered kelp forest with 7 of 8 entering areas of densely covered canopy.
*Video deployments that could be matched to motion sensor logs.
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Table 2.1. Summary of all deployments of animal-borne cameras on white sharks at Dyer Island and
Geyser Rock during 2014 and their representative time spent in kelp forest habitat.
Shark

Date

Size (cm)

Sex

ID

Video

Kelp Observed

Kelp Observed

% Kelp

Contact

Seal

Analysed (hrs)

(Incidence)

(hrs)

Observed

with Kelp

Encounters

1

03/05/2014

305

F

6.1

71

0.09

1.44

0

0

2

07/05/2014

365

F

4.8

168

0.25

5.22

1

0

3

07/05/2014

350

M

1.8

105

0.21

11.82

0

0

4

11/05/2014

305

M

4.3

267

1.17

27.47

1

0

5

11/05/2014

305

F

2.3

240

1.41

60.08

31

10

6

12/05/2014

290

F

1.2

98

0.29

24.27

1

0

7

13/05/2014

275

F

3.3

72

0.20

6.1

0

0

8

13/05/2014

290

M

4.7

319

1.28

27.56

3

0

28.5

1340

4.89

17.20

36

10

All Sharks Total
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Figure 2.2. (Previous page) Still-picture frames and a 10-minute data log from AVED. A) AVED footage
of a white shark (Shark 5) encountering Cape fur seals. B) The seals respond to the shark’s presence by
hunkering to the sea floor and blowing bubble streams as the shark passes overhead or swimming
further into the kelp. C) The shark swims through the bubbles, D) followed by kelp. E) The shark pursues
the seals, making contact with dense kelp fronds at several points and pushing through them. F) Three
Cape fur seals are seen taking refuge in the canopy area of the kelp forest fronds and successfully
avoiding the white shark. G) A 10-minute sub-sample of Shark 5’s dead-reckoned pseudo-track within
dense kelp forest, including encounters with seals. H) Time-series recordings of turning angle (°),
activity (ODBA; g) and depth (m) for the corresponding time period, background colours represent Low
(teal) High (green) and no (white) density kelp observed.
Table 2.2. Bootstrap results demonstrating the significance of kelp effect on observed behaviours
Bootstrap results demonstrate the significance of kelp effect on observed behaviours. Large
proportions of randomly sampled replicates exhibiting significant differences emphasise a consistent
effect of kelp on observed behaviour. Medians and standard deviations are reported for the KruskalWallis statistic and the post-hoc median rank difference (see Section 2.8).
Statistic
Rank difference

Turning Angle

ODBA

Shark
ID

Prop < 0.05

Median

SD

Median

SD

1

0.037

0.6

1.23

-19.8

32.1

3

0.55

4.3

4.65

11.8

12.2

4

0.942

11.9

6.43

49.2

12.8

5

0.998

20.8

6.83

34.1

5.78

1

0.282

2.48

1.73

68.3

26.3

3

0.704

6.35

5.3

32.3

13

4

-

-

-

-

-

5

0.732

6.52

4.63

20.6

7.49

� = 20.8) and
Shark 5 consistently exhibited higher ODBA (99.8% of replicates below 𝛼𝛼 = 0.05, 𝐻𝐻

� = 6.52) inside kelp habitats compared to kelpturning angles (73.2% of replicates below 𝛼𝛼 = 0.05; 𝐻𝐻

free areas. Shark 4 similarly exhibited consistent heightened ODBA within kelp habitat (94.2% of
� = 11.9), but lacked the magnetometer data necessary for the
replicates below 𝛼𝛼 = 0.05, 𝐻𝐻

calculation of turning angles. Kelp had similar effects on Shark 3’s movement behaviour, with elevated
� = 4.3) and similar
ODBA in over half of bootstrap replicates (55.0% of replicates below 𝛼𝛼 = 0.05, 𝐻𝐻

� = 6.35). Shark 1, which
levels of increased turning angles (70.4% of replicates below 𝛼𝛼 = 0.05, 𝐻𝐻

encountered kelp in <2% of footage and transited away from the study area, showed no clear effect

� = 0.6; Turning angle: 28% of replicates below 𝛼𝛼 =
(ODBA: 3.7% of replicates below 𝛼𝛼 = 0.05, 𝐻𝐻

� = 2.48).
0.05, 𝐻𝐻

27

Figure 2.3. Dead-reckoned pseudo-tracks and box plots of three white sharks’ movement. Arbitrary
units of north and east were created by magnetometer and accelerometer data, while a constant
swimming speed is assumed. Kelp habitat, contact with kelp and seals, have been matched with video
file classification and projected together. Box plots of activity (ODBA) and turning angle are displayed
inset for; A) Shark 5, a 300 cm female that spent 60 % of the total time observed within kelp, B) Shark
3 a 350 cm male that spent 11% of total time observed in kelp, and C) Shark 1, a 300 cm female that
moved away from the Dyer Island system and spent less than 1.5 % of total time observed in kelp. The
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assumption of constant speed and the lack of ability to account for current flow mean shape of tracks
may differ to actual movements the animals made during this time and scale bars are an
approximation.

2.5 Discussion
This is the first study to document extensive and repeated use of kelp forests by white sharks and to
describe predator-prey interactions within this habitat. This kelp foraging behaviour is vastly different
from the open-water ambush predation thought to dominate at other coastal aggregation areas
(Laroche et al. 2008; De Vos & O'Riain 2010; Wcisel et al. 2015). Dyer Island is the only pinniped colony
in South Africa where white shark presence has been found to increase during daylight hours
compared to crepuscular periods (Jewell et al. 2014).
Previous studies have found the incidence of predation and area-restricted search to peak later in the
morning at Dyer Island and to occur directly adjacent to the rookery or connected kelp forest (Jewell
et al. 2014; Wcisel et al. 2015; Towner et al. 2016). Here we confirm the presence of white sharks
inside kelp forest, which may serve as an alternative foraging strategy to the traditional ambush
predation at twilight. Unfortunately, we did not record successful predations on seals during this study
(either outside or inside the kelp), likely because of the rarity of these events on a per individual basis
(Jorgensen et al. 2015; Wcisel et al. 2015). However, the lack of a successful predation should not be
considered evidence to the contrary. Indeed, Jorgensen et al. (2015) only recorded one successful
predation event in over 43 days of stomach temperature data in free-ranging white sharks off the
California coast. The extent and profitability of kelp foraging in comparison to ‘traditional’ foraging
strategies remains to be determined, but the zero-inflated nature of these datasets will hinder such
efforts until much larger datasets are available.
Kelp forests are threatened globally and present in many other temperate locations where white
sharks and pinnipeds co-occur (Nicholson et al. 2018). The coverage and density of kelp assemblages
change from year to year, and future research should revaluate the role of kelp forest in the foraging
ecology of white sharks rather than presume it to be a habitat they avoid. Our findings demonstrate
the power of animal-borne video to improve our understanding of the habitat use of large marine
predators and reveal interactions within the marine environment that would have remained hidden
with conventional telemetry systems.
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2.7 Additional Methods
Study Site
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Figure 2.4. (Previous page) Study area: Geyser Rock. A) Study area in the Gansbaai areas B) and
position along the South African coast. All sharks were tagged within the vicinity of Dyer Island and
Geyser Rock C) off the Western Cape coastline of South Africa, in the southeast Atlantic Ocean. Figure
from Jewell (2013).

White Shark Tagging
White sharks were tagged at Dyer Island and Geyser Rock, within the Gansbaai Shark Cage Diving Area
(Figure 2.4), using the same locations, research vessel and attracting methods as Jewell et al. (2014).
We used Customized Animal Tracking Solutions (CATS) CATS-Cam, CATS-Diary and Monterey Bay
Aquarium Research Institute (MBARI) CaféCam high-resolution biologgers. All CATS biologgers
contained triaxial accelerometers, gyroscopes and magnetometers set to record at 40 Hz, plus depth,
temperature and light sensors. Tagging methods and CATS-Cam/Diary specifications are the same as
used in Chapple et al. (2015), CaféCam units used high-resolution video and were paired with CATSDiary units for comparison to CATS-Cam and attached to sharks using the same methods.

Data Analysis
Video Processing: Solomon Coder
We categorised habitat use and prey encounters by uploading AVED videos into Solomon Coder
(Version beta 17.93.22, see Mirkó, Dóka & Miklósi (2013)) recording all observations of anchored kelp.
‘High’ density kelp forest was assigned when kelp filled equal to or more than 50% of the available
field of view from the camera (after accounting for field of view taken up by the shark’s head), whereas
‘low’ was assigned when some, but less than 50% of the field was filled. Cape fur seals, other potential
prey and conspecifics were also recorded, as were interactions with cage diving vessels, rock and reef
habitat features, off-centre swimming orientations, high to moderate or low visibility and
observations on body movements, such as active bursts or gapes (Figure 2.5). Observations were
recorded by selecting customised and predetermined ‘buttons’ on the coder, that were either
‘durations’ (that were turned on at the beginning of the observation and then off at the end, i.e. when
kelp enters the frame of view and then moves out of view) or ‘events’ (instant observations that are
recorded once in the coding sheet i.e. when a breach occurs). Once a video was run through the coder,
the results were exported to excel, where durations, percentages and occurrence of each button
selection were summarised.
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Figure 2.5. Ethographer configuration. Solomon Coder (version beta 17.03.22) was used to analyse
AVED footage in real-time and categorise habitat and presence of kelp as well as other observations.
In the example image, Shark 5 encounters three seals within high-density kelp.

Logger Processing: Pseudo-Track, ODBA and Heading
We exported log data from CATS-Cam and Diary units to Igor Pro 7 (Wavemetrics) with the
Ethographer package (Version 2.04 University of Tokyo), clipping tracks to on-shark recordings by
observing depth and acceleration data to find moments of attachment and release of fin-clamp to the
shark. We then looked for moments that could match video data to log data (neither model of AVED
included time stamps on video or log). We used depth, raw acceleration, light and dynamic sway (tail
beats) to do this. This was easiest in videos that included AVED attachment and videos that ran
consecutively and hardest if the camera was not recording when deployed, filming cycles were dutycycled (i.e. programmed to film at certain times of the day only), or had delays in between video
recordings. In the remaining unmatched videos, tail beats and glides between climbs to the surface
and dives to depth (Gleiss, Norman & Wilson 2011), dynamic events such as kelp striking the camera
unit, or lunges at bait-lines while interacting with cage diving vessels were used to match videos to
logs to the nearest second. Matching points between videos and logs were then cross-referenced
between events to check for and correct any time/sensor drift.
Framework4 (Swansea University) (Walker et al. 2015) was used to reconstruct pseudo-tracks of
tagged sharks. Unfortunately, the log of Shark 8 that included a large amount of kelp forest interaction,
was lost and could not be processed and the log of Shark 2 that included kelp forest interaction in low
visibility suffered data corruption for the entire section of the log the camera was recording. The CATS
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diary paired with CaféCam deployments included a magnetic paddle wheel for speed sensor
calibrations, distorting the magnetometer sensor and preventing the calculation of pseudo-tracks for
these deployments. Two additional deployments ended early when sharks interacted with cage diving
boats, while two other attachments were placed with poor field of view of the camera. The data from
these deployments were not included in the results.
Acceleration and magnetometer data were used to create head yaw angles and pseudo-tracks in the
Dead Reckoning Wizard of Framework4. We selected a three-second smoothing window (120 data
points) to calculate pitch and roll, a constant speed assumption of 0.8 m/s-1 (sensu Andrzejaczek et al.
2018) with the GPS recording of tagging location used as a start point. The previews of mapped tracks
were used to confirm correct sensor alignment and give an impression of the movement of the sharks
after tagging. There was no further georeferencing of the tracks and no accounting for the effect of
currents or on changes in the speed, as such the tracks may appear different in shape and length to
the actual movements made by the animals while tags were attached (Andrzejaczek et al. 2018). Once
pseudo tracks were calculated, yaw angle, pseudo latitude and longitude data fields were exported.
Head yaw angle was used to calculate turning angles using the same techniques as Andrzejaczek et al.
(2018). Head yaw was smoothed using a three-second box smoother to remove the effect of regular
tail beats on yaw before all data was resampled to one-second intervals using a Hanning Low Pass
Filter and converted to a 0–360◦ scale. Overall Dynamic Body Acceleration (ODBA) was calculated in
Igor Pro using the Ethographer package by deriving static acceleration from raw accelerometer data
using a 3-second box smoother, subtracting static acceleration from raw to give dynamic acceleration,
and then summing the absolute dynamic accelerations from each of the three axes (Gleiss, Norman &
Wilson 2011; Gleiss, Wilson & Shepard 2011; Andrzejaczek et al. 2018). ODBA was then smoothed to
one-second intervals using a Hanning Low Pass Filter. Datasets were then exported for statistical
analysis with the factor headings Local_Time, Kelp (value of 1 or 0), ODBA, Turning_Angle and
Shark_ID at one-second (1 Hz) values. To avoid any effects of baiting, periods of interaction with cage
diving operators or our research vessel were removed.

Randomisation Analysis
The Randomisation Analysis and subsequent testing was performed in R (R_Core_Team 2018).
Bootstrap replication with replacement was used to sample 1000 independent datasets for each
individual, ensuring adequate accounting for autocorrelation by sampling 1 Hz estimates at intervals
larger than 30s (as determined across individuals by ACF plots). Sampling was structured
proportionally based on the amount of habitat use (see Table 2.2), resulting in each replicate having
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an overall sample size of 216 (3 inside kelp, 213 outside), 205 (30 inside, 175 outside), 457 (127 inside,
330 outside), and 149 (100 inside, 49 outside) for sharks 1, 3, 4, and 5 respectively. For each replicate,
behavioural differences were tested with a Kruskal-Wallis rank sum test and a Dunn post-hoc test.
Statistics are summarised as the percent of replicates that reach significance below \alpha=0.05, the
median and 95th percentile of observed Kruskal-Wallis statistics, and the median and 95th percentile
of observed mean rank differences in the Dunn Test. For ODBA, estimates are scaled between 0 and
1 for each individual shark. For turning angles, estimates are smoothed evenly over 10 s to account
for zero inflation and then scaled between 0 and 1 for each individual shark.
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2.8 Additional Results

Figure 2.6. Still-image from CATS cam footage A white shark with CATS Cam attached encounters a
conspecific within kelp at Geyser Rock.
The pseudo-tracks appear to suggest that one animal moved away from the island system, with Shark
1 moving along the coast towards Cape Agulhas and the Indian Ocean (Figure 2.7). This tag was found
on a beach in Struisbaai the following day and confirms the shark did indeed leave the system. Shark
3 moved into deeper water away from the island before returning the following day. Shark 5 appeared
to remain close to the island system until the tag was removed by thick kelp. The other sharks without
pseudo-tracks appeared to remain close to the island system as several reporting’s of these sharks
were recorded at cage diving vessels during their deployments, and most tag recoveries occurred close
to the island system.
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Figure 2.7. Dead reckoned tracks. Triaxial accelerometer and magnetometer data could be matched
to video footage from three shark deployments, the raw pseudo tracks revealed Sharks 2 and 5
remained within the island system while Shark 1 swam towards Cape Agulhas and the Indian Ocean.
Grey boxes represent areas with matching video footage.
Pseudo-tracks and data logs could only be analysed if matched to video and subsequent kelp
observation status; this was only possible for four shark deployments with ODBA and three with ODBA
and turning angles. Of these four deployments, Shark 5 had the longest duration and percentage of
time within kelp forest (Figure 2.3A). Following the end of the matched video, shorter video clips
revealed this shark continued to swim through dense kelp forest until the AVED became entangled in
and was removed from the shark by a kelp frond. This footage can be seen at the following link:
https://royalsocietypublishing.org/doi/suppl/10.1098/rsbl.2019.0085. Shark 3 was tagged late in the
afternoon after the AVED had been recording for a number of hours and using up the majority of its
data storage. This meant only 1.8 hrs of footage was recorded while attached to the shark, although
it could all be matched to log (Figure 2.3B). Shark 1 had the lowest of all kelp observations and was
the only shark not to encounter dense kelp forest. It did so with a high level of activity and low turning
angles as it moved away from the Dyer Island Reserve and towards the Indian Ocean (Figure 2.3C).

Statistical Analysis
Comparing bootstrapped subsamples of metrics observed inside and outside kelp for 1000
permutations, we compile significant differences observed through nonparametric statistics as the
proportion of permutations below the alpha cut-off (0.05). Figures 2.8 and 2.9 report the distribution
of test statistics (Kruskal-Wallis H) and rank difference (Dunn test) for all bootstrap permutations
across all individuals for ODBA and turning rates. Dashed bars depict a 95 pertcintile of the
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distribution, whereby deviations from zero indicate a high proportion of the data observed inside kelp
is statistically distinct from data observed outside kelp. Subsamples of data from habitat classes was
sampled proportionally to ensure equivalent representation as the underlying data, while still
accounting for autocorrelation processes.

Figure 2.8. ODBA Model Results. Bootstrap distributions of Kruskal-Wallis tests and the mean rank
difference determined by the Dunn post-hoc test for observed ODBA estimates inside and outside
kelp habitats.

Rank differences for ODBA observed in Shark 4 and 5 wholly deviated from zero, indicating ODBA
metrics were always higher inside of kelp than outside. Confirming this, more than 95% of permutation
trials exhibited significant differences (Table 2.2) underlying the results robustness. Differences in
ODBA between habitat classes for Shark 3 were more marginally significant, as the rank differences
overlap zero (indicating some overlap in distributions between inside and outside kelp) and ~50% of
replicates show significance. The broad distributions of Shark 1 show the absent effect for this animal,
that rarely used kelp and largely travelled out of the study area.
Differences in turning rate were not as stark as ODBA, yet in two individuals (Shark 3 and Shark 5) 70%
of bootstrap replicates were observed to have greater turning rates in the presence of kelp than
otherwise. Tight confidence percentiles (95% dashed bars) in Shark 3 and 5 depict a commonly larger
turning angle inside of kelp, while the broad distribution of rank differences in Shark 1 exhibit a more
random underlying process (Figure 2.9).
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Figure 2.9. Turning angle model results. Bootstrap distributions of Kruskal-Wallis test statistics (left)
and mean rank differences determined by the Dunn post-hoc test (right) for observed relative turning
angles inside and outside kelp habitats.
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Chapter 3

Interactive effects of internal and external
factors shape the movement ecology of a top
marine predator in contrasting coastal
environments
Prepared for submission
Oliver JD Jewell, Taylor K Chapple, Salvador J Jorgensen, James R Tweedley,
Paul E Kanive, Jerry H Moxley, Barbara A Block, Scot Anderson, & Adrian C Gleiss

Cover Image: An adult female white shark approaches the research vessel at the Southeast Farallon Islands.
Photo by Oliver Jewell, Monterey Bay Aquarium.
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3. Diverse habitats shape the movement ecology of a
top marine predator
3.1 Abstract
An animal’s movement and routine are shaped by a plethora of factors that can be grouped into those
affecting the internal state of the individual (physiological and bio-mechanical processes) and those
that determine external factors the individual experiences (biotic and abiotic), giving rise to individualand habitat-specific movement characteristics. This plasticity of movement characteristics is thought
to allow individuals to exploit diverse environments efficiently. Here, we tested if white sharks
Carcharodon carcharias display consistent movement characteristics across ontogeny and habitat. In
doing so, we elucidate the implications of changes in internal state (physiological changes coinciding
with body size) and external environments (differing seascapes or diel phases) on the movement of
this global predator. We equipped white sharks, from small juveniles to large mature adults, with
motion-sensitive biologging tags at four contrasting seascapes in the Northeast Pacific: two islands, a
headland, and an inshore bay. From multi-sensor biologging data, we derived 20 metrics describing
movement characteristics on which we performed multivariate analysis to test for commonalities and
disparities across ontogeny and habitat. The most distinct movement characteristics were displayed
by juvenile sharks occupying the inshore seascape. Sharks at this seascape remained close to the shore
and were comparatively less active than sub-adult and adult sharks tagged elsewhere. Distinct night
time migration and dive patterns were also recorded from sharks at both island seascapes but not the
headland or inshore. Movement characteristics were most dissimilar across different seascapes,
followed by ontogeny and diel phase. The availability of prey and access to deeper water are likely
contributors to this difference, with greater numbers of Northern elephant seal Mirounga
angustirostris at the island seascapes and harbour seals Phoca vitulina at the headland, while the
islands are also closer to the continental shelf edge. Meanwhile, juvenile white sharks tagged at the
inshore bay are piscivorous and have neither access to pinniped haul out areas nor deeper water. This
study demonstrates how comparative analysis of biologger data from the same species at disparate
seascapes can reveal the effects of local environment and ontogeny on movement characteristics.
Key Words:
Biologgers, seascapes, comparative ecology, white shark
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3.2 Introduction
An animal’s movement and behaviour are intrinsically linked to its biological requirements and
surrounding environment. Nathan et al. (2008)s movement ecology paradigm states that animal
movements and routines are shaped by interactions between internal and external processes (see
also Martin et al. 2008, Martin et al. 2013). Internal factors influencing the movement of predators
can include motivations (such as feeding or resting; Sparrow & Newell 1998), ontogeny (i.e.
differences in size or age as an animal grows; Harten et al. 2020) and reproductive status (i.e. mating,
gestation or caring for young; Martin et al. 2013). External factors influencing the movement of
predators can include prey availability (i.e. DeMars & Boutin 2018), competition (Levine &
HilleRisLambers 2009), predation risk (Lima & Dill 1990) and environmental conditions (i.e.
temperature, diel phase or landscape; Kaufman et al. 2007; Shepard et al. 2013; Dunford et al. 2020),
ultimately giving rise to diverse movements and behaviours. The influence of internal or external
factors on movement and behaviour is expected to change over time, between areas, sex or age and
is also dependent on how much an individual can adapt to local environmental conditions (Nathan et
al. 2008). Understanding these processes and how they change is difficult because they are complex
and can cause movement changes on fine scales, that require collecting high-resolution data on
multiple factors during different conditions and in different areas.
Traditional methods for measuring the movements of predators in the wild, particularly in remote
areas, have often been limited to coarse two-dimensional scales of vertical or horizontal movements.
Data produced from such methods often lack the information and resolution to record behaviours
occurring on finer scales, such as predator-prey interactions (Shepard et al. 2008a; Andrzejaczek et al.
2019a; Petroelje et al. 2020). Recent technical advancements, particularly in the miniaturisation of
instruments and storage devices, has seen unprecedented growth in the use of motion-sensitive
biologgers (Rutz & Hays 2009; Hays et al. 2016; Börger et al. 2020). Such biologgers can record
movement at high resolutions across three axes, linking horizontal and vertical movements
(Andrzejaczek et al. 2019a), uncoupling two- or three-dimensional activities (Gleiss et al. 2017),
determining activity cycles (Byrnes et al. 2021; Lear et al. 2021), inferring predation events (Brewster
et al. 2018; Hounslow et al. 2019) and revealing cryptic predator-prey interactions (Jewell et al. 2019;
Hounslow et al. 2020).
White sharks Carcharodon carcharias provide an interesting model species to test the influence of
internal and external factors on a predator’s movement ecology. They are top endothermic marine
predators, present across a wide range of temperate environments globally but found in several
distinct foraging areas during periods of seasonal aggregation (Klimley & Ainley 1996; Chapple et al.
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2011; Bruce & Bradford 2015; Skomal et al. 2017; Huveneers et al. 2018a). Several internal and
external factors are thought to influence residency periods, movements, and behaviours of the species
within aggregations, where sharks remain in limited spatial areas for several months (Jorgensen et al.
2010; Kock et al. 2013; Kanive et al. 2021). The presence of predictable prey is thought to be an
important external influence, with aggregation areas often associated with pinniped colonies (Klimley
et al. 2001b; Jorgensen et al. 2012a; Kock et al. 2013; Towner et al. 2013a; Huveneers et al. 2018a).
At the same time, ontogeny is thought to be an important internal influence, with major behavioural
and distributional shifts in the species occurring as it transitions from juvenile to sub-adult (Estrada et
al. 2006). Young of the year and juvenile individuals are more reliant on piscivorous prey, and adult
and sub-adult individuals are more reliant on marine mammal diets (Carlisle et al. 2012; Hussey et al.
2012; French et al. 2018). Ontogenetic changes in tooth, jaw and caudal fin structure and a greater
thermal tolerance facilitate these transitions (Lingham-Soliar 2005; Ferrara et al. 2011; French et al.
2017; Bernvi & Cliff 2019). As a result, sub-adults and adults adapt more efficient swimming strategies,
and have greater ranges and philopatry to marine mammal feeding areas, such as pinniped colonies
(Jorgensen et al. 2010; Del Raye et al. 2013; Watanabe et al. 2019b). Yet, there remains a significant
knowledge gap in understanding why individuals select specific aggregation areas, how their
movements and routines vary between areas, and how these variations are influenced by the size, or
sex of individuals, or environmental characteristics (Huveneers et al. 2018a).
In this study, we use multi-sensor biologgers to derive 20 metrics describing the movement
characteristics of white sharks as they aggregate at different seascapes in the Northeast Pacific. We
take a comparative approach, using multivariate analysis to test for differences in these characteristics
by factors including area, size class, sex, and diel phase to determine which factors influence white
sharks’ movement ecology at their seasonal foraging grounds. We expected larger sharks to have
more plastic responses to the external environments they were tagged in, while smaller sharks are
expected to have more constrained responses to diverse habitats. In such conditions, juvenile and
possibly sub-adult white sharks would display similar routines in movements and behaviours
regardless of where they are found. At the same time, adults would move and behave differently in
different areas, shaping their movements and routines to prey availability or environmental
characteristics.

3.3 Methods
Study Sites
All research took place at known white shark aggregation areas in the Northeast Pacific off the coast
of Central California (Weng et al. 2007a; Jorgensen et al. 2010; Domeier 2012). White sharks are
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present in Central Californian waters year-round but increase in numbers during summer when
juveniles are found in coastal areas (Lowe et al. 2012; White et al. 2019; Tanaka et al. 2021) and fall
and winter when sub-adult and adults aggregate around pinniped colonies (Anderson et al. 2011;
Chapple et al. 2016). Multiple years of photo identification and telemetry have confirmed individuals
revisit the same areas seasonally, with some individuals visiting multiple aggregation areas in a season
and others exclusively found in one (Anderson & Goldman 1996; Jorgensen et al. 2010; Chapple et al.
2011; Chapple et al. 2016; Jorgensen et al. 2019; Kanive et al. 2019). Four areas were selected for
tagging research (Figure 3.1), including an inshore bay where juvenile sharks are found close to the
shore (Aptos), a near-shore rocky island (Año Nuevo Island), an offshore island outcrop (The Southeast
Farallon Islands), and a rocky shoreline (Tomales Point). Pinniped colonies of various species are found
in each island and rocky shoreline area but are absent from the inshore bay (Table 3.1).
In this study, Aptos (APT) refers to the aggregation of juvenile white sharks found at Aptos beach,
Santa Cruz, at the northern end of Monterey Bay. Sharks have been present in this area from April to
October in increasing numbers in recent years, which is thought to result from increasing ocean
temperatures expanding their range northward (Tanaka et al. 2021). The embayment is partially
protected to prevailing winds from the northwest and has a relatively featureless predominantly sandy
seafloor (Plant & Griggs 1992). Año Nuevo Island (ANO) refers to an island group approximately 30 km
north of Santa Cruz, consisting of a main island and several closely attached rocky outcrops
approximately 300 m across (Klimley et al. 2001a; Klimley et al. 2001b). Kelp forests form to the north
of the island, and a large reef and kelp forest are present off the southwestern end of the island. Five
species of pinniped haul out on the island; northern elephant seal Mirounga angustirostris, harbour
seal Phoca vitulina, northern sea lion Eumetopias jubatus, Californian sea lion Zalophus californianus
and northern fur seal Callorhinus ursinus (Le Boeuf et al. 2011). The Farallon Islands (FAR) refers to
the Southeast Farallon Islands, an island group approximately 90 km north of Año Nuevo Island and
50 km offshore of the Golden Gate Bridge, San Francisco (Klimley et al. 1992; Klimley & Anderson
1996). The group consists of two main islands and several rocky outcrops, around 100 hectares in size,
used as haul out sites for the same five pinniped species as Año Nuevo Island (Ainley et al. 1981; Ainley
et al. 1985). The islands form many inlets and bays, and several rocky reefs and kelp forest patches
surround them (Goldman & Anderson 1999). Tomales Point (TOM) refers to the northern end of the
Point Reyes headland, approximately 60 km north of San Francisco (Anderson, Becker & Allen 2008).
The point consists of a rocky shoreline and cliff face steeply dropping to 20 or 30 m depth within 100
m of the coast (Kanive 2020). The northern side of the point is formed by the mouth of Tomales Bay,
a saltwater inlet containing multiple elasmobranch species, though it is thought white sharks rarely
enter this system (Hopkins & Cech 2003). All five species of pinniped haul out on the Point Reyes
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shoreline though considerably more harbour seals are found here than at either Año Nuevo or the
Farallon Islands, and this species is thought to be the primarily targeted prey item of white sharks at
Tomales Point (Anderson, Becker & Allen 2008; Carlisle et al. 2012).

Figure 3.1. A) The four study sites in Central California sampled in this study. Each is a known white
shark aggregation area; B) (grey), The south-eastern Farallon Islands (FAR), C) (red), Año Nuevo Island
(ANO), D) (blue), Tomales Point, and E) (purple), Aptos Beach (APT).
Table 3.1. Descriptions of areas sharks were tagged
Area

Seascape Type

Pinnipeds present

Reef Present

Kelp Present

TL cm range

Aptos (APT)

Inshore Bay

No

Partial

No

190–260

Año Nuevo (ANO)

Island (nearshore)

Yes

Yes

Yes

380–490

Farallones (FAR)

Island (offshore)

Yes

Yes

Yes

440–550

Tomales Point (TOM)

Headland Point

Yes

Partial

Yes

270–460

Data collection
Shark tagging took place between October 2017 and November 2019, focusing on juvenile sharks at
Aptos in the summer months (July to September) and other sites in the Fall (October to November).
Juvenile sharks at Aptos were located by spotters or a drone while free-swimming at the surface. In
contrast, sharks at all other areas were attracted to research vessels using a small piece of marine
mammal blubber and a seal shaped decoy (see Chapple et al. 2011). Once close enough, sharks were
sexed and photo identified using a GoPro® as per Kanive et al. (2019). Total length (TLcm) was either
estimated as the sharks swam next to the research vessel or measured using photogrammetry from
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drone images taken from above. Sharks were then fitted with biologgers similar to methods described
in Chapple et al. (2015) and Jewell et al. (2019; Chapter 2). Biologgers were fitted to the first dorsal
fins of sharks using customised clamps and tagging poles. They remained rigidly in place until released
by a galvanic timed or pre-programmed electronic release. All biologgers were buoyant and fitted with
Smart Position Only Tags (SPOT-363, Wildlife Computers, Redmond, USA), used to locate and retrieve
them once floating at the surface. This study only used CATS Cam units (generation 6 or 7, Customized
Animal Tracking Solutions, Australia) containing triaxial accelerometers, gyroscopes, magnetometers,
light, temperature, and depth sensors.

Data processing and pre-treatment
Biologging data was downloaded and processed on Igor Pro (vers. 8.04) Wavemetrics and the
Ethographer package (vers. 2.04) University of Tokyo (Sakamoto et al. 2009). Two activity metrics were
calculated to determine if sharks were more active in certain areas or times: Vectorial Dynamic Body
Acceleration (VeDBA) and Tail Beat Frequency (TBF). VeDBA has been used as a proxy to measure
energy expenditure from accelerometer data in previous studies and was calculated from the
accelerometer’s three orthogonal axes (surge, heave and sway) in the methods described by Qasem
et al. (2012). TBF was estimated from oscillations in the lateral rotation (yaw) of gyroscope data (axisZ) using a Fourier transformation in the methods of Sakamoto et al. (2009). As a wide range of sized
white sharks were tagged, the effect of body size on TBF needed to be accounted for (Sato et al. 2007).
Sato et al. (2007)s scaling relationship for expected stroke frequency: mass-0.29 was used to correct
this effect, creating a difference from the expected stroke frequency metric based on size (TBF_Diff).
Shark total length was first corrected to expected precaudal length using the equations provided by
Cliff et al. (1989) and expected mass using Mollet & Calliet (1996) before being fit to Sato et al. (2007)s
scaling rate for stroke frequency (TBF) to mass. Our results were left skewed, as only the largest white
sharks met the expected values on this scale, and so were normalised to give an even range of values
above and below zero.
Differences in swimming depth and the rate of movement through the vertical environment by marine
predators can indicate differences in habitat use (Andrzejaczek et al. 2019b). Pressure sensor data
(Depth) and a maximum depth value of each hour of data (Depth_Max) were used to determine the
depth use of sharks in different areas and times using the mask analysis in Ethographer. Vertical
Velocity (VV) was calculated using a 10-second running mean on depth use data and calculating the
difference of successive periods using a 1-second interval (Andrzejaczek et al. 2018; Andrzejaczek et
al. 2019a). These values were then converted to an absolute scale (VV_abs).
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Predators encountering prey are expected to react by increasing their turning rates and adopting
horizontal search patterns (Hays et al. 2016). Tortuosity of tracks was used to examine if sharks were
swimming with more or less horizontal patterns in different areas or times using the circular package
(vers. 0.4-93) of R (vers. I386 3.5.1) (Lund & Agostinelli 2017; Andrzejaczek et al. 2018; R_Core_Team
2018). First, the heading of movements was estimated using the dead reckoning package of
Framework4, Swansea University (Walker et al. 2015). Accelerometer, magnetometer and depth data
were used to reconstruct three-dimensional pathways based on estimates of movement (using an
assumed constant speed) and direction. Three separate time frames were selected; 1, 5, and 20
minutes to account for finer- (indicative of interactions with prey or habitat features, i.e. Jewell et al.
2019) and larger-scale (indicative of residency periods or area restricted search, i.e. Towner et al.
2016) changes in heading. Secondly, a value of tortuosity was determined sensu Andrzejaczek (et al.
2018) using the mean resultant length of heading, 𝑅𝑅�, calculated from the concentration of circular
heading data (Pewsey, Neuhäuser & Ruxton 2013). An 𝑅𝑅� value of one would equal all point clustered

around a mean direction, and thus, a completely straight heading during the period, while a value of

0 would equal evenly spread headings, and thus, a completely tortuous or back and forth heading (R1,
R5 and R20).
Dynamic activities were used to examine if there were times or areas where sharks may be feeding,
calculated using the bursting rate threshold used in Jewell et al. (Chapter 4; 0.6 g of VeDBA). Counts
of total bursts per hour in each hour of data collection (BpH) and a binary count of whether a burst
event was present during each hour of data collection (BPs) were calculated in Ethographer.
Time series were separated into diel phases (i.e., day, dusk, night and dawn) to determine the effect
of differences in light levels. Diel phases were determined using data on nautical twilight times for
each area and date using www.timeanddate.com. Crepuscular phases were classified from an hour
after sunrise or before sunset to the beginning or end of nautical twilight. An hour of data was
excluded between each diel phase to account for transition periods between phases (i.e. the first and
last hours of daytime or night). All data were extracted from the individual deployment time-series to
give an average and standard deviation for each metric (i.e. VeDBA_Avg, VeDBA_StD, etc.).

Statistical analysis
Multivariate analysis was used to determine the influence of internal (size class and sex) and external
(area and diel phase) factors on the fine-scale movement ecology of white sharks. As not all size classes
were present in each area (i.e. only juvenile sharks were tagged at Aptos), area and size class were
merged (Area-Class) to create a fixed design. Traditionally white sharks have been classified into age
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classes based on sizes associated with ontogenetic shifts in diet and physiology (Estrada et al. 2006;
Carlisle et al. 2012). However, these shifts are subject to individual and sexual variation (French et al.
2017; French et al. 2018). In this study, two sharks tagged at Tomales were just under 300 cm total
length (TL) (290 and 275 cm TL respectively), while all sharks at Aptos were under 260 cm TL.
Therefore, all sharks below 275 cm TL were considered juveniles, sharks between 275 cm and 360 cm
TL for males, and 275 cm and 450 cm TL for females were considered sub-adults, and all sharks over
these thresholds were considered adults (Estrada et al. 2006). These area and size classifications
meant there were seven levels for testing under the heading Area-Class: FAR-Adult, FAR-Sub-Adult,
ANO-Adult, ANO-Sub-Adult, TOM-Adult, TOM-Sub-Adult, APT-Juvenile. Data were first checked for
autocorrelation and skewness using a Draftsman plot and associated Pearson’s correlations. These
tests demonstrated that none of the 20 variables were highly autocorrelated (all r < 0.95) and were
retained, but some required transformation. The following variables were fitted with the expression
LOG(V+0.00001); VeDBA_StD, Depth_Max_StD, BpH_Avg, BpH_StD and the following with the
expression SQR(V); Depth_Avg, Depth_StD, Depth_Max_Avg. As data for several variables were not
directly comparable due to their different units of measurement, we normalised all variables to place
them on a common scale. Variables were assigned one of five categories, i.e. Activity (VeDBA_Avg,
VeDBA_StD, TBF_Diff, TBF_StD), Depth use (Depth_Avg, Depth_StD, Depth_Max, Depth_Max_StD),
Turning (R1_Avg, R1_StD, R5_Avg, R5_StD, R20_Avg, R20_StD), Dynamic activity (BPs_Avg, BPs_StD,
BpH_Avg, BpH_StD), and Vertical velocity (VV_abs_Avg, VV_abs_StD). A weighting procedure was
carried out in which each category was given an arbitrary weight of 100, divided equally amongst its
component variables.
The pre-treated data were used to construct a Euclidean distance matrix and subjected to three-way
PERMANOVA to test whether movement metrics differed between area-class, diel phase and sex, and
interactions between the main effects (P < 0.05). Note that in this preliminary test, data from sharks
of unknown sex were excluded. The results demonstrated that while area-class and diel phase were
significant (P = 0.001 and 0.016, respectively), the corresponding values for sex as a main effect and
in two and three-way interactions were not (P = 0.078 and 0.103-0.788, respectively). Thus, sex was
removed as a factor, and the analyses were re-run as a two-way PERMANOVA. The percentage
contribution made by the mean square for each factor and interaction to the corresponding total
mean square in each PERMANOVA test was calculated to estimate the relative importance of each
factor and interaction in that test (Crisp et al. 2018). When a significant difference was detected,
Pairwise PERMANOVA was employed to determine which factor levels were responsible.
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The Euclidean distance matrix was subjected to the Bootstrap Averages Routine (Clarke & Gorley
2015) to bootstrap those samples in metric multidimensional scaling (mMDS) space. The averages of
repeated bootstrap samples (bootstrapped averages) for each group of samples were used to
construct an mMDS ordination plot. Superimposed on each plot was: i) a point representing the group
average (i.e. the average of the bootstrapped averages) and ii) the associated, smoothed and
marginally bias-corrected bootstrap region, in which 95% of the bootstrapped averages fell. This
process was repeated for each main effect. Centroid, non-metric multidimensional scaling (nMDS)
ordination plots, were constructed by outputting the distances-among-centroids matrix from data for
each diel phase for sharks in each size class at each location (Anderson, Gorley & Clarke 2008; Lek et
al. 2011).
The values for each variable were averaged across their component levels (i.e. each of the seven
location and size classes) and standardised by the maximum average value for each variable to show
which variables were responsible for any differences in movement ecology for each main effect. These
percentage matrices were used to construct a shade plot (Clarke, Tweedley & Valesini 2014). The
depth of the shading for each variable denotes the percentage of the maximum value recorded. Levels
of each factor (i.e. area-size class or diel phase, y-axis) were arranged based on a dendrogram derived
from hierarchical agglomerative Cluster analysis with variables (x-axis) arranged in optimal serial order
constrained by their category.

3.4 Results
We tagged 21 white sharks from four areas off the central Californian coast. Biologgers were set to 50
(n = 15) or 20 (n = 6) Hz sampling frequencies with durations of deployment lasting between 2.5 and
148.5 hours (mean deployment duration 43 hours ± 33), for a total of 908 hours of biologging data
(Table 3.2). All sharks were tagged in daytime hours and appeared to stay within tagging areas for at
least the remainder of the day they were tagged. Sharks at the Farallon Islands and Año Nuevo Island
appeared to move further from the island systems during the night as indicated by swimming into
deeper water with straighter movements before returning to shallower water, of similar depth as
tagging locations during the day (Figure 3.2A, B). At Tomales, there were fewer movements to deeper
waters observed. Instead, movements back and forth across the Point Reyes headland were present
in pseudo tracks during the day and night (Figure 3.2C). These movements were confirmed from the
daytime movements of two sharks that were additionally fitted with active acoustic tags (Jewell,
Chapple & Jorgensen unpublished data). At Aptos, no sharks appeared to travel far from their tagging
locations, all biologgers popped up in the vicinity of their deployment locations, and this was
confirmed by pseudo tracks and depth traces (Figure 3.2D).
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Table 3.2. Tagging efforts. Twenty-one sharks were tagged with CATS Cam biologgers in 4 areas off
central California between October 2017 and November 2019.

Log ID.

Location

Date

TL cm

Sex

Size-Class

Reference No.

Hrs

Hz

TOM01

Tomales Point

10/11/2018

460

F

Adult

TOM_CC0705_20181110

54.1

50

TOM02

Tomales Point

18/11/2018

400

M

Adult

TOM_CC0705_20181118

44.1

50

TOM03

Tomales Point

05/10/2017

400

M

Adult

TOM_CC0705_20171005

36.6

20

TOM05

Tomales Point

15/10/2017

426

M

Adult

TOM_CC0705_20171015

29.0

20

TOM06

Tomales Point

25/10/2017

400

F

Sub-Adult

TOM_CC0704_20171025

10.3

20

TOM08

Tomales Point

05/11/2017

290

F

Sub-Adult

TOM_CC0704_20171105

6.2

20

TOM22

Tomales Point

29/10/2019

275

F

Sub-Adult

TOM_CC0704_20191029

57.2

50

TOM23

Tomales Point

03/11/2019

320

M

Sub-Adult

TOM_CC0707_20191103

66.8

50

8 deployments

304.3

ANO07

Año Nuevo

07/11/2019

400

F

Sub-Adult

ANI_CC0617_20191107

29.4

20

ANO08

Año Nuevo

10/11/2019

460

F

Adult

ANI_CC0704_20191110

5.2

50

ANO09

Año Nuevo

11/11/2019

380

F

Sub-Adult

ANI_CC0706_20191111

52.8

50

ANO10

Año Nuevo

12/11/2019

380

U

Sub-Adult

ANI_CC0704_20191112

9.6

50

ANO11

Año Nuevo

13/11/2019

490

U

Adult

ANI_CC0707_20191113

74.4

50

5 deployments

171.4

APT01

Point Aptos

18/07/2018

215

F

Juvenile

APT_CC0705_20180718

148.5

50

APT03

Point Aptos

10/08/2018

215

U

Juvenile

APT_CC0705_20180810

29.6

50

APT04

Point Aptos

22/08/2019

260

U

Juvenile

APT_CC0705_20190822

3.8

50

APT05

Point Aptos

29/08/2019

190

U

Juvenile

APT_CC0706_20190829

92.4

50

APT06

Point Aptos

29/08/2019

220

F

Juvenile

APT_CC0704_20190829

5.5

50

APT07

Point Aptos

30/08/2019

230

U

Juvenile

APT_CC0704_20190830

41.6

50

APT08

Point Aptos

20/09/2019

250

M

Juvenile

APT_CC0704_20190920

2.5

50

7 deployments

323.9

FAR01

Farallon Isl.

16/10/2018

485

F

Adult

FAR_CC0704_20181016

44.2

50

FAR02

Farallon Isl.

21/10/2018

550

F

Adult

FAR_CC0737_20181021

31.5

20

FAR03

Farallon Isl.

11/10/2019

440

F

Sub-Adult

FAR_CC0704_20191011

33.1

50

3 deployments

108.8

21 deployments

908 hrs

Total

4 Areas

2017-2019

190-550
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Figure 3.2. (Previous page) Tracks and activities of sharks at each aggregation area. A) The pseudo
track and time-series data log from a 440 cm TL female white shark tagged at the Farallon Islands.
This shark appeared to remain close to the islands during the day, with tortious movements and higher
activity rates before migrating offshore during dusk and the night and returning to the island group
the following day. B) The pseudo track and time-series data log from a 400 cm TL male shark at Año
Nuevo Island with a similar migration pattern away from the island into deeper water at night before
returning during the day. C) The pseudo track and data log of a 440 cm female white shark at Tomales
Point does not demonstrate night-time migration away from the aggregation area. D) The pseudo
track and data log of a 230 cm unsexed juvenile white shark at Aptos. This shark also stayed close to
the coastline during the day and night, although it did move straighter and into slightly deeper water
during the night compared to shallow tortuous daytime movements.

The effects of area and size
Area-Class had the biggest influence on shark movement characteristics (P = 0.001) and explained over
80% of the variation, followed by the diel phase (P = 0.001) that contributed 11% of the variation
(Table 3.2). The area-class × diel phase interaction was also significant but accounted for less than 5%
of the variation (Table 3.2). This interaction was caused by different patterns in response to changing
diel phases, with sharks of all sizes at Año Nuevo Island and the Farallon Islands exhibiting a greater
shift in movement between diel phases, swimming significantly deeper and straighter at night than
those at Tomales Point and Aptos (Figure 3.2).
The Pairwise PERMANOVA of area-class found significant differences between all areas and size
classes (P = 0.001-0.036) except for the Farallon Island adults and sub-adults (P = 0.287; Table 3.3).
The top five t-values (i.e. the largest pairwise differences) included comparisons between Aptos
juveniles to all other areas and size classes (t = 7.75-5.50) but Tomales Point sub-adults (t = 4.01),
meaning this area-class had the most distinct movement characteristics. Both size classes of shark
followed this at Tomales Point to other areas (t = 4.66-2.90). The most similar movement
characteristics were between sharks of different size classes within the same aggregation areas (t =
1.14-1.94), although there were similarities between both size classes at Año Nuevo Island and the
Farallon Islands (t = 1.93-2.5, Figure 3.3A). A cluster dendrogram first separated sharks of both size
classes tagged at the two islands from those at coastal areas of Tomales Point and Aptos, and
secondarily separated juvenile sharks tagged at Aptos from sub-adult, and adult sharks tagged at
Tomales Point. Finally, sharks from the islands, Año Nuevo and the Farallon Islands, were separated,
meaning that sharks were clustered first by area tagged and second by size class (Figure 3.3B).
Depth use and Tail Beat Frequency were two of the main contributing factors to these differences
(Figure 3C). For instance, juvenile sharks at Aptos spent little time in waters below 10 m, whereas all
sharks from both size classes at Año Nuevo and the Farallon Islands spent time in deeper waters (<70
m). Sharks tagged at Tomales Point had consistent depth use of ~30m. Vertical velocity followed the
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same trends as depth use. 𝑅𝑅� values (turning rates) were similar between areas and sizes yet had lower

values (i.e. more turning) for juveniles over the R20 minute scales, suggesting these individuals use

smaller areas than the other size classes of shark in the other areas. Burst swimming behaviours
contributed little to clustering and were similar across areas and classes, except Aptos juveniles and
Farallon adults, that had the greatest number of bursts per hour. This effect appears to have been
driven by two individuals, one in each site, with greater burst rates than other sharks in the study
(Figure 3.7).
Table 3.3. Results of two-way PERMANOVA test between area-class and diel phase. Mean squares
(MS), percentage mean squares (%MS), pseudo-f (pf) and significance values (p). Significant
differences are highlighted in bold.
Source

df

MS

%MS

PF

P

Area-Class

6

166,940

80.71

23.62

0.001

Diel Phase

3

23,466

11.35

3.32

0.001

18

9,355

4.52

1.32

0.035

130

7,067

3.42

Area-Class x Diel Phase
Residual

Table 3.4 T-statistic values derived from one-way PERMANOVA tests of the movement characteristics
of area and size class of Californian white sharks. Comparisons are coloured from the most different
(red) to the most similar (blue). *The only non-significant comparison came between different size
classes at the Farallones (FAR-Adt to FAR-Sub) and is noted in bold.
APT-Juv

TOM-Sub

TOM-Adt

ANO-Sub

ANO-Adt

TOM-Sub

4.0655

TOM-Adu

5.5286

1.9419

ANO-Sub

6.4669

2.9485

2.8976

ANO-Adt

7.351

4.0628

3.9281

1.7494

FAR-Sub

5.8583

3.642

3.737

2.2878

2.2878

FAR-Adt

7.7479

4.5038

4.6605

2.4774

1.9315
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FAR-Sub

1.1393*

A

B

C

Figure 3.3. Metric multidimensional shading, cluster dendrogram and shade plot of Area-Class
comparisons. A) Two-dimensional metric Multidimensional Scaling (mMDS) ordination plot of
averages (black symbols) and bootstrapped estimates from 45 iterations (shaded areas) of the
movement characteristics of white sharks size classes tagged at aggregation areas in California. All
size classes and areas were significantly different, with the exception of Farallon Island Adults and SubAdults. B) Cluster dendrogram of Area-Class groupings, sharks of different size classes from the same
areas clustered more closely together than those of the same class from separate areas. C) Shade plot
of factors driving the differences in mMDS between location-class. Darker shades indicate higher
values of a factor (% of the maximum value of given factor) from Area-Class, and lighter shades indicate
lower. Metrics appear in hierarchical order, with the most influential metrics appearing first in order
and the least influential appearing later. Boxplots of all factors are available in Figure 3.7 Additional
Results.
53

The Effects of diel phase
A Pairwise PERMANOVA test found night significantly different from all other diel phases (P < 0.01).
There were only marginal differences between day, dawn and dusk (P= 0.07 and 0.06 respectively)
and no significant difference between dawn and dusk (P = 0.85). The t-statistic also found dawn and
dusk to provide the most similar movement metrics, while day and night were the most different
(Table 3.4). Metric MDS visualisations followed this trend (Figure 3.4A) and a cluster dendrogram
clustered firstly by diel phases with light present (i.e. day, dawn and dusk vs night) and secondly by
separating crepuscular diel phases (dawn and dusk) from the day (Figure 3.4B). Activity metrics were
the main contributors to this difference. All four metrics (TBF_Diff, VeDBA_StD, VeDBA_Avg and
TBF_StD) were the highest-ranked, indicating that daytime activity was the highest and most variable
and night-time activity the lowest and least variable. Vertical velocities were also higher during the
day, and turning metrics indicated sharks swam straighter and less variably during the night (Figure
3.4C). The depth and bursting metrics were similar across all phases, with variability in (Depth_StD)
lowest at night (Figure 3.8).
Table 3.5. T-statistic results of a Pairwise PERMANOVA test on the effect of diel phase on movement
characteristics of Californian white sharks. Comparisons are coloured from the most different (red) to
the most similar (blue). *The only non-significant t-statistic came from the Dawn and Dusk phase
pairwise comparison.
Day

Dawn

Dusk

Dawn

1.5449

Dusk

1.5292

0.64738*

Night

2.4105

1.92
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1.8261

A

B

C

Figure 3.4. Metric multidimensional shading, cluster dendrogram and shade plot of diel phase
comparisons. A) Two-dimensional metric Multidimensional Scaling (mMDS) ordination plot
constructed from bootstrapped averages of movement characteristics of Californian white sharks by
phase of the day. B) Dendrogram of diel phase groupings, phases clustered firstly by those with light
present (Dawn, Dusk and Day) and without (Night), and secondly by crepuscular (Dawn and Dusk) and
Day. C) Shade plot of the driving factors of dendrogram clustering and mMDS. Metrics appear in
hierarchical order, with the most influential metrics appearing first in order and the least influential
appearing later. All four activity metrics and vertical velocities were large drivers of difference, with
night-time the least active and daytime the most. Sharks also swam straighter and less variably at
night. Boxplots are available in Figure 3.8 Additional Results.
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3.5 Discussion
Nathan’s paradigm predicted more internally constrained animals have less ability to adapt to external
factors and have less plasticity in their movement and behavioural routines as a result (Nathan et al.
2008). If that were the case with white sharks, we would expect to see similar routines and movement
characteristics from similar-sized and sexed individuals, regardless of what area they were tagged.
However, in our results, area had the greatest influence on movement characteristics, with white
sharks tagged at the islands different than those inshore or at the headland, regardless of size. These
results support the hypothesis that white sharks have plastic foraging behaviours and can adapt their
feeding routine to suit their external factors, feeding on diverse prey in diverse environments (BenoitBird et al. 2013; Bradford et al. 2020). Further support for the species’ behavioural plasticity can be
found from studies elsewhere that have noted their diverse diets (Carlisle et al. 2012; French et al.
2018), predatory behaviours (Sims et al. 2012; Towner et al. 2016), and swimming strategies (Kock et
al. 2018; Watanabe et al. 2019b). However, there were also significant differences between size
classes in two of the three areas different size classed animals were tagged, and a consistent effect of
diel phase, suggesting internal factors constrain at least some aspects of their movement ecology and
behavioural routine.

Feed at the islands during the day - and the depths by night?
The differences between daylit diel phases and night were stark, particularly at island areas where
migrations to deeper water and back again were seen between day and night. Sharks were more
active, swam with higher vertical velocity and more tortuosity during the day, all linked to foraging in
other marine predators (Gleiss et al. 2013; Andrzejaczek et al. 2019a; Lear et al. 2021). These results
support the findings of early studies at the Farallon Islands by Klimley et al. (1992) that found no
crepuscular component to foraging patterns of white sharks at the islands and concluded that sharks
there only foraged on pinnipeds during the day despite having no night time observations available. A
lack of night time observations has been present in many studies examining the fine-scale movements
or foraging patterns of the species (i.e. Strong 1992; Goldman & Anderson 1999; Hammerschlag et al.
2006; De Vos & O’Riain 2011; Jewell et al. 2019, but see Jewell et al. 2014; Watanabe et al. 2019a).
Feeding on pinnipeds in other areas of the world has been linked to light levels being high enough for
white sharks to visually detect them (Laroche et al. 2008; Johnson et al. 2009). Yet recent studies from
Cape Cod, Massachusetts, have suggested the opposite may also be true there. Grey seals Halichoerus
grypus at Cape Cod time their migration routes to swim at night in response to predation pressure
from white sharks, and white sharks becoming more active at night in response (Moxley et al. 2020;
Winton, Sulikowski & Skomal 2021). Our results suggest white sharks forage on pinnipeds in diurnal
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phases at the island seascapes we tagged them. Yet the question remains if they are foraging on other
prey at night in the deeper waters further away from these islands.
Foraging in deeper waters at night would almost certainly mean foraging on non-pinniped prey, given
the difficulty of locating a pinniped in deep, open water and that there would be no light available to
detect them. However, Northern elephant seals move from their island-based haul out areas in Central
California to forage on small fish and cephalopod prey, particularly in deep waters (Adachi et al. 2021).
White sharks may supplement their pinniped diet by feeding on similar prey in deeper waters during
night hours. Alternatively, the deep swimming followed by surface intervals we observed during the
night may be a cost-efficient swimming strategy adopted for rest when conditions are sub-optimal for
foraging on pinnipeds (Gleiss, Norman & Wilson 2011; Gleiss, Wilson & Shepard 2011). Such a strategy
would explain sharks swimming away from the island foraging areas at night and returning during the
day when pinnipeds are easier to catch (Klimley et al. 1992).
White sharks at Tomales Point did not migrate into deeper water during the night, yet they were still
less active during this time. The distance to the continental shelf edge is much greater from this area,
with the Farallon Islands situated close to the shelf edge and Año Nuevo Island close to the Monterey
and Ascension Canyons. It may be possible for white sharks to catch their preferred pinniped prey,
thought to be harbour seals at Tomales Point, throughout day or night (Anderson, Becker & Allen
2008). Alternatively, the lack of access to deep water may mean there is less reason to travel further
from the area at night.

Differences by size, an internal constraint, competitive exclusion or different
specialisations?
Juvenile, sub-adult, and adult white sharks had significantly different movement characteristics in all
areas except the Farallon Islands. The one sub-adult shark tagged at the Farallon Islands was a 440 cm
TL female that would be very close to reaching maturity (Estrada et al. 2006). Juvenile animals are
expected to be more constrained by internal influence because they have high mass-specific metabolic
rates and are, in general, weaker and less experienced (Martin et al. 2008; Byrnes et al. 2021), while
juvenile white sharks also have a different foraging ecology and lower thermal tolerance (Harasti et
al. 2017; Tamburin et al. 2020). The influence of these internal factors is thought to limit juvenile white
sharks to coastal areas in the Northeast Pacific and reduce their swimming speeds (Lowe et al. 2012;
Anderson et al. 2021; Harding et al. 2021). Such constraints are likely drivers of the differences
observed between movement characteristics and routine of sharks tagged at Aptos and all other areas
and may also contribute to the differences observed between sub-adults and adults at Tomales Point
and Año Nuevo Island.
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In elasmobranchs, larger, stronger individuals are expected to exclude weaker individuals from
preferred foraging areas at spatial or temporal scales (Papastamatiou et al. 2018a; Lear et al. 2021),
particularly conspecifics (Goldman & Anderson 1999; Jewell et al. 2013). Some species partition
aggregations to limit competition between size classes, yet sub-adult white sharks are often present
in the same areas as adults (Kanive et al. 2019). When present at the same foraging areas as adults,
sub-adults may be learning how to forage on pinniped prey while being excluded from prime feeding
locations or times by adults. Bites from conspecifics are well documented in white shark aggregation
areas (Domeier & Nasby-Lucas 2007), and smaller individuals have been observed waiting for larger
individuals to leave before feeding on whale carcasses (Dudley et al. 2000; Dicken 2008). A transitional
period likely occurs between white sharks becoming able to feed on pinniped prey as they reach subadult sizes and becoming fully reliant on it as they mature (French et al. 2018). Such a transition would
explain the differences observed in our results.

Little influence of sex
Differences in sex, particularly during reproductive periods, can become an important internal factor
influencing movement and routine (Martin et al. 2008; Nathan et al. 2008). Sexual dimorphism,
segregation and behavioural differences are common in shark species (Sims 2005; Mucientes et al.
2009; Jacoby, Busawon & Sims 2010). In white sharks, sexual differences in demographics at
aggregation sites have been linked to environmental conditions, prey preferences and location
(Robbins 2007; Towner et al. 2013a; Bruce & Bradford 2015; Kanive et al. 2019). Differences in
migration patterns and movement strategies have also been described (Domeier & Nasby-Lucas 2012;
Towner et al. 2016; Spaet et al. 2020). Yet, there were no significant differences found in our study.
This result may be confounded by a lack of male white sharks tagged at Año Nuevo Island and the
Farallon Islands. However, it is expected that the primary reason for aggregation in both of these areas
is to feed on pinniped resources and not related to mating behaviour (Anderson et al. 2011; Chapple
et al. 2011; Chapple et al. 2016), which is more likely to occur in this population at the White Shark
Café (Jorgensen et al. 2012a). There were also no differences found by sex at Tomales Point, where
adults and sub-adults of both sexes were tagged, and Aptos, where both sexes of juveniles were
tagged. Further tagging of males at Año Nuevo or the Farallon Islands may determine sex differences
that our data could not. Yet, it seems likely that foraging is a greater motivation during aggregation
periods on the Central Californian coastline, outweighing any differences in behaviour by sex during
this time. Alternatively, in spatial or temporal conditions when feeding resources are limited, there
may be more competition between sexes, driving the sex-specific differences seen at other shark
aggregation areas (Drymon et al. 2020).
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Conclusions and future directions
The use of biologgers and multivariate analysis in this study revealed that both internal and external
factors shape the movement ecology of foraging white sharks off central California. Sharks tagged at
disparate seascapes produced significantly different movements, while there were similarities
between sharks of different size classes tagged at the same locations. Further use of biologgers to tag
male white sharks at the Farallon or Ano Nuevo Islands could reveal if sex-specific foraging strategies
occur at these sites (i.e. Towner et al. 2016). In comparison, the use of low-light or infrared triggered
cameras on biologgers (i.e. Adachi et al. 2021) may reveal if foraging occurs during the night (i.e.
Watanabe et al. 2019a) or is exclusive to daytime (i.e. Klimley et al. 1992). The use of biologgers on
white sharks at other global aggregation sites could inform if similar or different movement
characteristics occur in island and coastal aggregations elsewhere.
Differences in the movements and routines of adult and sub-adult white sharks at separate habitats
is evidence the species has plastic responses to local conditions. Such responses may have helped the
species to become a top predator of many temperate marine ecosystems across the globe (Huveneers
et al. 2018a). However, these differences may also result from long-term specialisations older
individuals have developed by foraging in the same restricted areas for multiple years, sometimes
decades (Anderson et al. 2011). If the latter is true, it would explain why white sharks are now only
reliably found in a limited number of aggregations that are often located in protected areas with
abundant pinniped prey, highlighting the importance of maintaining or expanding the protection of
these sites and the species that inhabit them. The differences detected across ontogeny, and evidence
of a conserved circadian rhythm, are examples of internal influences that may constrain the species’
movements and routines, meaning they are highly specialised to the areas they are found and further
highlighting that white sharks may be vulnerable to changing environments.
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3.7 Additional Results

Figure 3.5. Raw and processed biologger data. Raw data (left) and processed data (right) were used
to compare movement metrics between sharks of different sizes, areas and sex. Pressure data was
used to determine depth use, maximum depth per hour and vertical velocities. Gyroscope data from
the Z-axis was used to determine tail beat frequencies (TBF). Accelerometer X, Y, and Z axes were used
to calculate the vectorial dynamic body acceleration (VeDBA) in g. Magnetometer and acceleration
data was used to calculate heading and pseudo tracks. From heading, a metric of turning was
calculated (𝑅𝑅�) with a value of 1 indicating completely straight-line movement at a 1, 5 or 20-minute
interval and a value of 0 indicating completely tortuous or back and forth movement over the same
period.
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Figure 3.6. mMDS plot of the interaction of AreaClass and Diel Phase on the movement metrics for
white sharks at Californian aggregation areas. The largest phase effects were found in both size classes
of shark at Año Nuevo and the Farallon Islands, with less of an effect seen in Tomales and Aptos.
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Figure 3.7. Boxplots of non-normalised data used in shade plots and mMDS in Figure 3.3. Greater
differences in metrics indicate greater influence in difference for mMDS and PERMANOVA results. For
instance, APT-Juveniles had the lowest values and variability of depth use (Depth_Avg, Depth_StD,
Depth_Max_Avg and Depth_Max_StD), TBF_Diff, and linearity (R1_Avg, R5_Avg and R20_Avg), while
sharks at the Farallon Islands (FAR-Adt and FAR-SubA) had the highest and most variable depth use
(Depth_Avg, Depth_StD, Depth_Max_Avg and Depth_Max_StD) and highest values of TBF_Diff.
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Figure 3.8. Boxplots of non-normalised data used in shade plots and mMDS in Figure 3.4. Greater
differences in metrics indicate greater influence in difference for mMDS and PERMANOVA results. For
instance, Daytime had the highest values of all activity metrics (VeDBA_Avg, VeDBA_StD, TBF_Diff,
TBF_StD), while night-time had the lowest. Conversely sharks swam with greater linearity at night
(R1_Avg, R5_Avg and R20_Avg).
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Cover Image: A white shark swimming close to Cape fur seals in Shark Alley at Dyer Island, South Africa.
Photo by Nicola Stelluto, Marine Dynamics Shark Tours.
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4. Circadian rhythms are conserved across populations
and life stages of a globally distributed marine predator
4.1 Abstract
Circadian rhythms are innate responses to cyclic daily changes in the environment (e.g. night and day)
that allow physiological and behavioural processes to occur at the most suitable times, such as
mediating when animals forage and when they rest. Given that the evolution of circadian rhythms is
thought to be an adaptive response to prevailing conditions raises the question of whether globally
distributed species occupying contrasting habitats are displaying local adaptations in response to the
prevailing local environment. Here, we tested if the circadian rhythm of the white shark Carcharodon
carcharias, a circumglobally distributed marine predator, differs significantly between populations
found in eight aggregation sites in three of the world’s oceans. We derived the diel activity for each
site from a total of 104 sharks equipped with animal-attached accelerometers and gyroscopes to
approximate circadian rhythms. We collected over 2,500 hours of data from sharks between 190 and
550 cm total length and used dominant tail-beat frequency as a proxy for activity and transient
increases in acceleration (i.e. bursts) as proxies for foraging. Overall, we found a conserved diurnal
circadian rhythm across all populations and sizes of shark but found site-specific differences in this
diurnality, with the activity of some populations peaking before noon, while others peaked in the
afternoon. Unlike routine activity, our proxy for foraging effort only displayed significant diel patterns
in locations where ecotourism activities were present. Our results suggest that despite diverging
thousands of years ago, the circadian rhythm of white sharks has largely remained consistent with
only minor local adaptation. We suggest that maintenance of this diurnality is a result of sensory
specialisation, while the minor variations of the timing of activity is an adaptive response to the
availability of prey.
Key Words:
Biologgers, white shark, aggregation, locomotion, ontogeny
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4.2 Introduction
Innate responses to day-night cycles are present across a wide range of taxa from bacteria to the
largest predators, and most species have developed biological clocks to time these processes rather
than merely responding to light or dark (Sharma 2003; Laposky et al. 2008; Yerushalmi & Green 2009;
Hörnlein et al. 2020). Such circadian rhythms offer two main fitness advantages; synchronising
behavioural and physiological processes to cyclic environmental factors and coordinating internal
metabolic processes (Sharma 2003). Disrupting this rhythm can increase the risk of disease, lower
reproductive success, and reduced life expectancies (Beaver et al. 2002; Turek et al. 2005; Laposky et
al. 2008). In mobile animals, circadian rhythms include periods of higher and lower activity, with higher
locomotive rates expected to correspond to favourable feeding or migration times and lower rates to
sleep or rest cycles (Shepard et al. 2008b; Gleiss et al. 2013; Mezofi et al. 2019; Kelly et al. 2020a).
Most organisms have consistent circadian rhythms, e.g. diurnal, nocturnal, or crepuscular (but see
Curtis & Rasmussen 2006). This is partly because an animal’s physiology has evolved to suit its
circadian rhythm (Wu et al. 2016). For example, visual predators have eyesight adapted to times they
are most active; owls have developed binocular nocturnal vision well-suited to ambushing prey by
night, whereas most other raptors have developed high-resolution vision only suited to diurnal
conditions (Land 2015; Wu et al. 2016). Many other visual predators use crepuscular hours when there
is sufficient light to detect prey, yet not so much that their prey can easily distinguish them from their
surroundings (Regular et al. 2010; Gleiss et al. 2017). However, when external factors change and
routines are disrupted, circadian rhythms can also be plastic. For instance, roe deer Capreolus
capreolus in Europe become nocturnal when exposed to hunting pressures yet remain diurnal in
protected areas or outside of hunting seasons (Bonnot et al. 2020), while yellowfin bream
Acanthopagrus australis are most active in estuaries during daytime but reverse this cycle following
rainfall when water clarity and predation risk increase (Payne et al. 2013). However, these adaptive
responses are comparably short-term deviations from regular rhythms, and it takes many generations
for circadian rhythms to evolve (Sharma 2003; Curtis & Rasmussen 2006).
While circadian rhythms have been well explored in terrestrial organisms, the logistical challenges in
observing marine life have led to a comparative paucity of information regarding the circadian
rhythms of marine predators and the extent of their plasticity. Elasmobranchs (Class: Chondrichthyes,
Sub-class Elasmobranchii) occupy diverse ecological roles, from wide-ranging top predators such as
tiger sharks (Galeocerdo cuvier), white sharks (Carcharodon carcharias), or bull sharks (Carcharhinus
leucas), to mesopredators such as many species of reef shark, or localised benthic feeders such as
Scyliorhinidae species (catsharks) (Cortés 1999; Hammerschlag et al. 2012; Payne et al. 2018; Marra
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et al. 2019; MacNeil et al. 2020). The class Chondrichthyes is positioned at the base of the vertebrate
evolutionary tree and is therefore essential for understanding the ancestral condition of many
vertebrate traits, including circadian rhythms (Heinicke, Naylor & Hedges 2009). Elasmobranch activity
rhythms are diverse yet have only been explored in a few species (Hammerschlag et al. 2017b; Kelly
et al. 2020a; Lear et al. 2021). Some species can buccal pump, allowing them to become completely
motionless during the rest phases of circadian rhythm, making these phases easy to determine from
locomotor activity (Kadar et al. 2019; Kelly et al. 2020b). Others must continually swim to ram ventilate
their gills, with some species swimming continuously, having no change in activity through day or
night, while others have clear light-mediated rhythms in locomotor activity (Sims et al. 2006; Gleiss et
al. 2013; Papastamatiou et al. 2015; Brewster et al. 2018; Peel et al. 2019; Kelly et al. 2020a).
White sharks provide an interesting model to test the plasticity of circadian rhythms, as they have a
global range but distinct and isolated populations occurring in diverse habitats (Jorgensen et al. 2010;
Gubili et al. 2011; Hillary et al. 2018; Huveneers et al. 2018a). The species is long-lived and typically
shifts its diet and core habitats from a piscivorous diet in coastal areas when young to feeding on
marine mammals and frequenting offshore regions once sub-adult (Weng et al. 2007b; Jorgensen et
al. 2010; Carlisle et al. 2012; Hamady et al. 2014; French et al. 2018; Bradford et al. 2020; Tamburin
et al. 2020). As a result, juvenile and adult white sharks have contrasting daily activities (Jewell et al.
2013; Hoyos-Padilla et al. 2016). For instance, off Central California, juveniles perform a reverse diel
vertical migration, swimming deeper at night than at other times (Weng et al. 2007b), while adults
switch their diel vertical migrations depending on their location and behavioural state (Jorgensen et
al. 2010; Jorgensen et al. 2012a).
White sharks seasonally aggregate in spatially restricted habitats, often close to pinniped colonies
(Skomal, Chisholm & Correia 2012; Kock et al. 2013; Jewell et al. 2014; Francis, Duffy & Lyon 2015;
Kanive et al. 2015; Schilds et al. 2019). Increased feeding rates during periods of residency at these
foraging grounds builds up lipid reserves for migrations, with the same individuals returning for many
years and developing unique foraging behaviour and individual specialisations (Anderson et al. 2011;
Del Raye et al. 2013; Huveneers et al. 2015; Towner et al. 2016). As pinnipeds must leave their haul
out areas to feed, return to rest, and have limited routes to travel between, they become predictable
in time and space use, focusing predatory interactions (Anderson et al. 1996; Hammerschlag, Martin
& Fallows 2006; De Vos & O'Riain 2010). The peak timing of these interactions may be crepuscular,
diurnal, or nocturnal depending on the behaviour and size of the pinniped species, the landscape
surrounding the colony, and the size of the white sharks (Klimley et al. 1992; Klimley et al. 2001b;
Johnson et al. 2009; Jewell et al. 2014; Wcisel et al. 2015; Watanabe et al. 2019a), with heightened
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locomotor activity expected to reflect these periods (Jewell et al. 2019; Semmens et al. 2019;
Watanabe et al. 2019b). However, many of these studies have relied on surface-based observation to
confirm foraging events and have limited night-time sampling efforts making conclusions regarding
the diel patterns of activity tenuous.
Given the broad geographic distribution, diversity of habitats occupied, and prey consumed by white
sharks, it would be prudent to assume that daily routines differ according to the local environment.
For instance, the activity rhythms of different prey items are unlikely to be similar, thus potentially
leading to adaptive benefits of alterations to the circadian rhythm as populations diverge or
individuals grow and exploit different resources. On the other hand, successful prey capture depends
on suitable sensory environments and may be constrained to specific conditions, limiting variation in
daily routines.
Here, we tested the plasticity of the circadian rhythms of white sharks occupying a range of habitats,
from island seascapes and inshore bays to pelagic environments, while foraging on diverse prey
ranging from marine mammals to teleost and cartilaginous fish. We hypothesised that white shark
populations should display comparable activity rhythms due to their sensory system relying on specific
environmental conditions, irrespective of other habitat characteristics.

4.3 Methods
Data Collection
White sharks were tagged with biologgers while free-swimming at eight aggregations across four
regions over seven years (Figure 4.1). Sharks were either attracted to research vessels using a decoy
or baited line with 'chum' or 'berley' (macerated fish or marine mammal) or located while swimming
at the surface. We used two methods of biologger attachment; spring-loaded clamps on the first
dorsal fins of sharks (see Chapple et al. 2015) or a dart-head into the dorsal area of the sharks and
tethering the biologger, similar to Skomal et al. (2015) and Hawkes et al. (2020). The clamps hold
securely to the fins of the sharks for a maximum of seven days. We used traditional clamps with two
galvanic-timed releases (GTR), where one GTR releases the biologger after a predetermined
timeframe and the other releases the clamp after seven days, causing the clamp to detach from the
fin (Gleiss et al. 2009; Chapple et al. 2015). We also used an experimental timed release that holds a
titanium clamp and biologger firmly in place until a pre-programmed time, at which the whole device
releases from the fin at once (Jorgensen et al. unpublished research). The tethered attachment was
used alongside acoustic tagging of white sharks at Cape Cod (Winton et al. in prep.). The biologger
was linked to the acoustic tag by a GTR and detached within a maximum duration of four days. In all
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cases, biologgers were buoyant and floated to the surface following detachment. They were retrieved
using satellite or VHF telemetry or found by members of the public and returned for downloading data
(Liu et al. 2019).

Figure 4.1. Study sites. White sharks have a near-global distribution (blue and pink) yet are only reliably
found in a few seasonal aggregation areas. Their migration patterns have only been described in four
regions (pink areas, Huveneers et al. 2018a). In this study, white sharks were tagged at eight locations
worldwide encompassing each of the four main studied populations of the species. TOM, represents
Tomales Bay, FAR, the Southeast Farallon Islands, ANO, Año Nuevo Island, APT, Aptos, all in Central
California. CAP represents Cape Cod, Massachusetts. GAN represents the inshore bay of Gansbaai, GEY,
Geyser Rock, the offshore island area of Gansbaai, both in the Western Cape of South Africa. NEP
represents the Neptune Islands off South Australia.
Biologger units were either various generations of Customized Animal Tracking Solutions (CATS) Cam
and Diary units (CATS Cam generations 1, 2, 6 and 7, CATS Diary generations 1 and 2) or Little Leonardo
(W1000-PD3GT). All CATS units contained accelerometers, gyroscopes, magnetometers, depth
sensors and all but one housed in titanium included external light and temperature sensors. Little
Leonardo units contained accelerometers, depth, and external temperature sensors. Sharks were
tagged in the specific areas and methods described below.

California
We tagged white sharks at three sites during fall and winter and one during summer in Central
California (Chapple et al. 2016). The three fall and winter sites are pinniped colonies at Tomales Point,
off the Point Reyes National Seashore, the South East Farallon Islands, approximately 50 km offshore
of San Francisco and Año Nuevo Island, approximately 30 km north of Santa Cruz. Five pinniped species
haul out at these locations, with northern elephant seal Mirounga angustirostris the preferred prey of
white sharks at the Farallones and Año Nuevo and harbour seal Phoca vitulina at Tomales Point
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(Klimley et al. 1992; Klimley et al. 2001b; Anderson, Becker & Allen 2008). We tagged sharks at
Tomales Point between 2015 and 2019, Año Nuevo in 2015 and 2019 and the Farallones in 2018 and
2019. Juvenile white sharks were tagged at a recently identified coastal aggregation site at Aptos to
the south of Santa Cruz in 2018 and 2019 (Tanaka et al. 2021). These sharks appear at the site from
April to August. Sharks at Aptos were tagged while swimming at the surface, and no bait or chum was
used in this area. All Californian research was conducted under State and Federal guidelines, permit
numbers: Stanford University Animal Care 19765; CDFW permit #8372, S-191290003-19129-001 and
GFNMS permits Multi-2019-020, Multi-2017-003.

South Africa
We tagged white sharks at Gansbaai, South Africa, in 2013, 2014 (see Chapple et al. 2015 and Jewell
et al. 2019) and 2017. This site has two well-defined areas where sharks aggregate; around 10 km
offshore at Geyser Rock and an inshore reef system, Joubertsdam (Towner et al. 2013a; Jewell et al.
2014). Sharks were only tagged at the offshore area in 2014, while they were tagged inshore in all
years. Gansbaai has eight commercial cage-dive operators and a colony of 50–60,000 Cape fur seals
located at Geyser Rock. Research here was conducted under DEA permits RES2013/81, RES2014/43
and RES2017/11.

South Australia
We tagged white sharks at the North Neptune Islands, approximately 30 km off the South Australian
coast between 2014 and 2016 (see Huveneers et al. 2018b, Wantanabe et al. 2019a,b) and again in
2020. White sharks are found at this island group year-round (Nazimi et al. 2018) and were tagged in
summer and winter. The dominant pinniped species here are long-nosed fur seals Arctocephalus
forsteri, although Australian sea lion Neophoca cinereal are also present. Cage-diving has been present
at the islands since the late 1970s and is thought to increase residency times and activity of white
sharks visiting the islands (Bruce & Bradford 2013; Huveneers et al. 2013; Huveneers et al. 2018b).
Research here was conducted under the Department of Environment, Water and Natural Resources
(DEWNR) (M26292), Marine Parks (MR00047), PIRSA Exemption (9902693 and 9902777), and the
Flinders University ethics committee (E398).

Cape Cod
White sharks are present off the Cape Cod, Massachusetts, coastline during mid to late summer (July
to November) and are reliably found in shallow water close to Atlantic grey seal Halichoerus grypus
haul out sites on beaches and sand bars (Skomal, Chisholm & Correia 2012; Skomal et al. 2017). We
tagged sharks with fin-clamped biologgers in 2015 and tethered biologgers in 2019. All deployments
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here were made to sharks swimming at the surface, and no bait or chumming methods were used in
this region. Sharks were sighted as they swam at the surface and approached by a research vessel in
the methods described by Skomal et al. (2017). All tagging operations were conducted under the
appropriate Massachusetts Division of Marine Fisheries permits (Winton, Sulikowski & Skomal 2021).

Data Analysis
Initial processing of biologger data were performed in Igor Pro (vers. 8.04), Wavemetrics using the
Ethographer package (vers. 2.04) University of Tokyo (Sakamoto et al. 2009). As several different types
of biologger were used and various sampling frequencies selected, we downsampled data to the
nearest comparable rate. Units sampling at 50 or 100 Hz were downsampled to 25 Hz, units sampling
at 40 Hz were downsampled to 20 Hz, and units sampling at 32 Hz were downsampled to 16 Hz. Units
sampling at 25, 20 or 16 Hz were not downsampled, giving a range of sampling frequencies between
16 and 25 Hz. The activity of sharks was determined through Tail Beat Frequency (TBF). TBF was
estimated from oscillations in the Z-axis of the gyroscope (yaw measured in angular rotation) or the
Y-axis of the accelerometer (sway measured in lateral acceleration) data caused by the strokes of the
sharks tail. Data was first smoothed to remove noise while capturing tail beats and producing
comparable results between attachment methods or sensors from the data (Gleiss et al. 2019). A
continuous wavelet transformation was then used in Ethographer (Figure 4.2A) to estimate stroke
frequency giving an estimated TBF value in Hz for every second of data (Sakamoto et al. 2009).
Highly dynamic events are caused by burst swimming and result in a sudden increase of locomotor
activity and are often a good indicator of prey capture (Ladds et al. 2017; Brewster et al. 2018). We
used Vectorial Dynamic Acceleration (VeDBA) to determine when these bursting events occurred in
our data, derived by calculating the square root of the combined square dynamic acceleration of each
axis in the methods of Shepard et al. (2008) and Qasem et al. (2012). Following a visual comparison of
VeDBA to video footage (Jewell et al. 2019), we determined a 0.6 g threshold of VeDBA was
appropriate to capture burst events from fin-mounted biologgers. We then smoothed these events to
account for one burst in every high active bout, i.e. if successive tail beats caused several successive
activity peaks, they were accounted for together rather than counted as separate burst events (Figure
4.2B). Because activity measures were not comparable in tethered devices, we did not determine
bursting events in these deployments. Mean activity (TBF) and a binary count of burst presence (BPs)
in each full hour of data was used for analysis. Examples of time series are given in Additional Results,
Section 4.7 (Figure 4.5).
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Figure 4.2. A) Raw data from a biologger placed on the fin of a white shark, displaying depth, sway
from raw gyroscope data, and acceleration of three axes. Gyroscope data was then smoothed and
used to calculate tail beat frequency (TBF). The sum of squared acceleration axes was used to calculate
vectorial dynamic acceleration (VeDBA), which was used to determine when bursts occur (over 0.6 g,
yellow octagons). B) An example of processed data over a 24-hour period. C) Positioning of tags placed
on the fin of white sharks using clamps and tethered behind white sharks, respectively. VeDBA and
Bursts were not calculated for tethered deployments as they did not produce comparable data.
Diel phase (day, night, dawn, or dusk) was allocated for each hour and location based on sunrise and
sunset times obtained from timeanddate.com. Crepuscular phases (dawn and dusk) were assigned as
the hour after sunrise and before sunset. The transition hour between twilight and day or night was
not assigned a diel phase, and all other hours were allocated to day or night. We then used R (vers.
I386 3.5.1, R Core Team (2018)) for statistical analysis.
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Statistical Analysis
To test the effect of the diel phase (dawn, day, dusk, night), areas, and shark size on TBF and BPs we
first ran linear and generalised linear models on average values of the activity and potential foraging
metrics of each shark, respectively. Model validation followed Zuur, Ieno & Elphick (2010), with TBF
data fitting a normal distribution and binary data from BPs fitting a binomial distribution. We made
model selections by running a global model of all possible combinations of explanatory variables and
ranked them by Akaike's Information Criterion (AICc) and delta AICc fit in the multi-model inference
(MuMIn) package of R (Barton 2019).
To determine cyclic activity rhythms across 24 hr periods, we fitted generalised additive mixed models
(GAMMs) using the mgcv package (Wood 2017) to activity and bursting data using a similar framework
to Gleiss et al. (2013, 2017). Time of day in hours was added as a fixed effect with circular cubic
smoothers, with area and size added to test the effect of timings in activity between sites (Rose et al.
2012). We added individual white shark (ID) as a random effect to account for pseudoreplication of
measurements from the same animals and tested for autocorrelation with the autocorrelation
function (ACF) (Venables & Ripley 2016). If significant correlations were detected in residuals, an
autocorrelation structure (corAR1) was added to models using the nlme package (Pinheiro & Bates
2000; Zuur et al. 2009). Appropriate error structure and model validation checks followed Zuur,
Saveliev & Ieno (2014) and Wood (2017). If models converged, they were ranked and selected based
on AICc (Zuur et al. 2009; Zuur, Saveliev & Ieno 2014).
Visualisations were created using ggplot2 in R Studio or Igor Pro.

4.4 Results
Shark Tagging
Between 2013 and 2020, we tagged 104 white sharks ranging from 190 to 550 cm total length (TL),
including at least nine individuals from each population (Table 4.1). Of these, data from 89
deployments were obtained. Other deployments were either too short in duration (9), suffered data
corruption (4), or the biologger could not be recovered (2). This gave us a total of 2,583 hours of data,
with 105 to 648 hours in each area. Large sharks (>450 cm TL) were tagged more often at the Farallon
Islands and Año Nuevo (California), while only juvenile sharks were found at Aptos (Figure 4.3). Three
sharks were confirmed to have left the aggregation area based on tag detachment locations, track
reconstruction (Jewell et al. 2019), depth use, or satellite positions (Winton et al. in prep.). One shark
from Geyser Rock swam east to Cape Agulhas (GEY01) shortly after tagging (see Jewell et al. 2019), a
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shark from Gansbaai's inshore area (GAN02) began a similar migration 62 hours after biologger
deployment. A shark from Cape Cod (CAP05) began to swim into Cape Cod Bay 32 hours after tagging.
Data from these sharks was assigned to a ninth area group, 'Travelling' (TRA), from the hour their
migration away began.
Table 4.1. Summary of tagging effort, size range (total length cm), and hours of retrieved and analysed
data of white sharks (Carcharodon carcharias) at the eight aggregation sites. The bracketed number
shows the number of deployments with usable data. Individual shark and deployment details are
available in the Additional Results (Section 4.7), Table 4.4.
Location
Año Nuevo
Aptos
Cape Cod
Farallon Islands
Gansbaai (inshore)
Geyser Rock
Neptune Islands
Tomales Point
Totals

Years of
tagging effort
2015, 2019
2018–2019
2015, 2019
2018–2019
2013–14, 2017
2014
2014–16, 2020
2015–2019
2013–2020

No. of sharks tagged

Size range (cm)

Data analysed
(Hours)

11 (10)
8 (8)
9 (8)
3 (3)
27 (23)
14 (10)
18 (15)
14 (12)
104 (89)

335–520
190–260
300–430
440–550
220–430
270–430
270–430
275–460
190–550

350
314
212
105
648
175
404
375
2583

Figure 4.3. Size range of white sharks tagged. 104 white sharks were tagged at eight aggregation
areas worldwide and between 190 and 550 cm total length. Size distributions differed between areas,
with the largest sharks found at the Farallon Islands, Año Nuevo, and Cape Cod, while juvenile sharks
were only tagged at Gansbaai and Aptos.

Linear effects of diel phase and size on activity
A single model explained the effect of diel phase and size on TBF (weighted AICc = 0.92; Table 4.2).
This model found TBF was significantly lower at night (p = 0.006) and that it decreased with size (p =
0.047, Table 4.5, Additional Results, Section 4.7). For smaller white sharks (200 cm TL), model
predictions found average TBF is expected to be between 0.47 and 0.51 Hz during the day and
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between 0.44 and 0.47 Hz at night. For large sharks (500 cm), this range is expected to be between
0.33 and 0.36 Hz during the day and 0.29 and 0.33 Hz at night (Figure 4.6, Additional Results).
Predictions for TBF for aggregating sharks at six of the eight areas fell within these ranges; the two
significantly different areas were again Aptos (p < 0.001) and the Farallon Islands (p < 0.001). Farallon
Islands had the largest average shark size and would be expected to have the lowest values of average
TBF, which it did not. Similarly, Aptos would be expected to have the highest average TBF, as it contains
the smaller sharks, yet predicted TBF values for this area are lower than all other sites (Figure 4.4).
Binomial generalised linear models used to explore the effect of the diel phase on BPs produced few
clear results. A model average selected five models and included effects of the diel phase, size and
area, yet described little significance in their effects on BPs (Table 4.8, Figure 4.7, Additional Results,
Section 4.7). This model's predicted BPs values were similar across all sites and sizes, between 0.4 and
0.5 BPs hr-1, with standard error ranging between ± 0.05 and ± 0.1. The predictions for median sized
sharks in the study were comparable across all areas and diel phases. Night phase predictions were
lower yet within the error ranges of all other phases and areas.

Figure 4.4. Predicted TBF from best-fitting linear models across all areas, at the median size of shark,
tagged in the study (350 cm). The model demonstrated higher activity during daytime hours across
shark sizes and areas aggregated.
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Table 4.2. Model selection of linear models to explain the effect of diel phase on activity. Linear model selection table for all combinations of effects and
interactions between size, diel phase, and area on average TBF recorded for each shark. The top model (8) was selected as it contained 92% of the weight and
had the lowest AICc value.

TBF ~ Size * Diel Phase *
Area
Model

(Intercept)

Area

Diel_Phase

Size

Area:Day

Area:Size

8

0.568

+

+

-0.00049

40

0.543

+

+

-0.00042

24

0.519

+

+

-0.00038

+

56

0.496

+

+

-0.00031

+

6

0.566

+

Day:Size

Area:Day:Size
+

-0.00049

77

+

df

logLik

AICc

delta

weight

14

453.91

-878.3

0.00

0.92

17

454.76

-873.2

5.05

0.07

21

457.04

-868.6

9.69

0.01

24

457.82

-863.0

15.23

0.00

11

442.67

-862.4

25.83

0.00

Non-linear effects of time of day on activity
A GAMM with a smoothed, circular effect of time of day in hours and linear effects of area and size
and a quasi-error structure best explained variation in TBF between areas (AICc = 0.998, Table 4.3).
Tailbeat frequency decreased with shark size (p < 0.001) while time was significant in seven of the
eight areas, with no effect found at Geyser Rock or in travelling sharks (Table 4.5 Additional Results,
Section 4.7). Model predictions reveal that TBF increased throughout the daytime at each site before
falling to lower levels towards the end of the day. However, there were differences in when the highest
levels occurred (Figure 4.5). At Cape Cod, the highest TBF was during morning hours, shortly after
sunrise, and at Aptos, the highest TBF was in the late afternoon, shortly before sunset. In all other
areas, TBF was highest in the middle hours of the day and decreased in all areas after nightfall,
beginning to rise either before or just after sunrise. TBF values were comparable between sites, except
Año Nuevo Island that had lower TBF values. The only areas that did not return the expected values
for TBF based on size were Aptos, that had lower than expected values for the sharks tagged there
(estimate -0.17, p < 0.05), and the Farallon Islands, that had higher than expected values for the sharks
tagged there (estimate +0.18, p < 0.01). These sites fall at opposite ends of the size range of sharks
tagged in this study, suggesting a strong size effect. Travelling sharks had higher TBF's (estimate 0.12,
p < 0.05) with no effect of time (F value 0, p = 0.5).
The effect of time of day on BPs was less clear than the daily activity rhythm. Individual GAMMs
revealed a significant effect of time of day at three sites: Neptune Islands, Gansbaai and Aptos (Table
4.8 Additional Results, Section 4.7). In these areas, there was an increase in the BPs during daytime
compared to night. In Gansbaai and the Neptune Islands, these reached the highest levels during the
middle hours of the day, while in Aptos, BPs reduced during dawn and peaked in the late afternoon.
There was a comparatively smaller increase in BPs at Año Nuevo during daytime hours, yet this effect
was not significant. There was no effect of time of day on the other areas (Figure 4.8, Additional
Results, Section 4.7). Comparatively low BPs values (below 0.4/hr) were recorded at Cape Cod,
Tomales Point, Año Nuevo and during night hours in Gansbaai and the Neptune Islands. The highest
BPs values were recorded at Aptos, and during the day at the Neptune Islands, these both reached
0.6/hr. There was no effect of time on BPs of travelling sharks (p = 1).
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Table 4.3. Model selection of generalised additive mixed models of tail beat frequency (TBF). All models
fit a quasi-error structure with a log link, included a random effect for shark ID and an autocorrelation
structure to account for serial correlation. Acronyms have been used in the interest of column space:
Df (Degrees of Freedom), AICc (Akaike Information Criterion), ΔAICc (Delta Akaike Information
Criterion), W AICc, (Weighted Akaike Information Criterion).
TBF Model

Intercept

Df

log link

AICc

ΔAICc

W AICc

~ s(Time by Area) + Area + Size

-0.550

22

3047.075

-6049.75

0

0.998

~ s(Time by Area) + Size

-0.637

21

3032.879

-6037.60

12.16

0.002

~ s(Time by Area) + Area

-1.081

21

3032.01

-6021.66

28.09

< 0.0001

~ s(Time by Area)

-0.933

13

3021.869

-6017.6

32.16

< 0.0001

~1

-0.925

4

2995.882

-5983.75

66.01

< 0.0001

Figure 4.5. Activity cycles of white sharks based on GAMM predictions of tail beat frequency (TBF) at
seven of the areas sampled. Orange bars indicate average sunrise during each area's sampling period,
while red indicates average sunset time. *TBF in the multiarea plot has been predicted by the median
size of shark in the study (350 cm TL).
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4.5 Discussion
Circadian rhythms are conserved
We present the first examination of the circadian rhythm of a single marine species occurring in
isolated populations at a global scale. Our results found white sharks have a conserved circadian
rhythm, with individuals in all areas and populations displaying diurnality. This rhythm was also
present across ontogeny, with juveniles following the same rhythm as adult and sub-adult white
sharks. These results may be surprising given the isolated nature of the populations that diverged
between 450,000–750,000 years ago (Gubili et al. 2011; Marra et al. 2019) and the contrasting
ecologies between juvenile, adult and sub-adult white sharks (Ferrara et al. 2011; French et al. 2017;
Tamburin et al. 2020). White sharks are thought to be heavily reliant on eyesight to locate their prey
(Laroche et al. 2008; Collin 2018), with our results suggesting the species has evolved for diurnal
foraging. Once reaching sub-adult size, the species also occupies a similar ecological niche in each of
these areas, aggregating near abundant food resources and maintaining a position as a top predator
in that area, suggesting there are selective advantages in maintaining a diurnal rhythm.
However, there was some residual plasticity in when peaks in diurnal activity occurred. At Aptos,
activity peaked in mid-afternoon, while at Cape Cod, it peaked in the early morning. Juvenile white
sharks have lower levels of endothermy compared to sub-adults and adults, which may lead those
found at Aptos to adopt similar thermally driven activity rhythms to ectotherms, limiting their hours
of high activity compared to larger conspecifics. In tropical regions, blacktip reef sharks Carcharhinus
melanopterus swim into shallower, warmer water in the day to warm their body temperature before
becoming active in the early hours of the night (Papastamatiou et al. 2015). Juvenile white sharks may
use the early hours of the day to gain a similar competitive advantage over their prey but become
active before nightfall as their eyesight and physiology are better suited to diurnal foraging (Shaw et
al. 2021). While the differences at Cape Cod may be explained by prey behaviour, where the peak in
activity rhythm reflects the times of day grey seals are returning to shore following night-time foraging
trips (Moxley et al. 2020; Winton, Sulikowski & Skomal 2021). It’s thought that grey seals adjust their
activity rhythms in response to the threat of white sharks in this area, becoming more active at night
when sharks are present (Moxley et al. 2020). In turn, white sharks at Cape Cod may adjust their
circadian rhythm to become more active earlier in the day, which is also observed in white sharks in
False Bay, South Africa and related to Cape fur seal movements (De Vos et al. 2015). At all other sites,
activity peaked around midday, reflecting when predatory activity peaks were in at least two of these
areas (Klimley et al. 1992; Wcisel et al. 2015). These residual plasticities are likely the result of learned
responses to favourable foraging times and indicate some flexibility in rhythms’ diurnality. Similar
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differences may be expected from areas such as False Bay in South Africa, where predatory behaviour
peaks around dawn (Kock et al. 2013) or Mossel Bay, South Africa, where it peaks during crepuscular
periods (Johnson et al. 2009).

Differences in Activity
Although the circadian rhythm was conserved across all areas, there was some difference in activity
levels between areas. For instance, as would be expected based on the allometric scaling of
biomechanical frequencies, tail beat frequency reduced with size (Sato et al. 2007). Yet the Farallon
Islands had higher than expected activity considering all the sharks tagged there were comparatively
large (>440 cm), and Aptos had lower than expected activity considering all the sharks tagged there
were comparatively small (<260 cm). This discrepancy with allometric theory may be due to the
Farallon Islands' exposure to rough seas throughout the expected white shark aggregation period from
September to November (Anderson & Goldman 1996; Anderson et al. 1996; Chapple et al. 2016). The
effect of swimming in deeper offshore water compared to the more coastal aggregations in most of
the other areas described in this study may cause a natural increase in tail-beat frequency. By
comparison, white sharks at Aptos aggregate in summer months, from mid-April to mid-August, close
to shore and during the calmest weather periods for the Central Californian coastline (White et al.
2019; Tanaka et al. 2021). In addition, juvenile white sharks may also have lower endothermic rates
and thermal tolerances than sub-adult and adult sharks, potentially causing lower internal body
temperatures, decreasing muscular performance and, in turn, lowing TBF (Altringham & Block 1997;
Katz 2002; Bernvi & Cliff 2019; Harding et al. 2021). Juveniles occur in large numbers at Aptos during
seasonal periods when the coastal areas of northern Monterey Bay offer refuge from colder upwelling
areas further offshore and to the south (Graham & Largier 1997), effectively limiting juvenile white
sharks to an ideal thermal range close to the shoreline (Tanaka et al. 2021). Despite the differences in
overall tailbeat frequencies, sharks at the Farallon Islands and Aptos displayed diurnal activity
rhythms.

Low evolutionary potential in white shark populations
The conserved circadian rhythm may be the result of the species having a low evolutionary potential.
Low evolutionary potential can be caused by high specialisation (reliance on a certain prey or
environment for survival), low reproductive cycles or little behavioural plasticity (Galetti et al. 2018;
Milot, Béchet & Maris 2020). Given that white sharks are long-lived, have slow reproductive cycles
and low reproductive output, they may have low evolutionary potential (Francis 1996; Domeier 2012;
Hamady et al. 2014). However, individual plasticity in behaviour and diet is well documented in white
sharks (Carlisle et al. 2012; Towner et al. 2016; French et al. 2018). It may be that a reliance on eyesight
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to locate prey is a preference and not an absolute necessity. Adaptive responses in circadian rhythms
would only be expected if there were a change in predation risk or prey availability and only become
permanent if these changes are present across many generations (Sharma 2003; Bonnot et al. 2020).
The major threats to white sharks in these regions are killer whales and fishing operations. When
either of these is present in their aggregation areas, white sharks generally leave rather than adapt
behavioural routines and remain in the same areas (Engelbrecht, Kock & O'Riain 2019; Hammerschlag
et al. 2019; Jorgensen et al. 2019).

Bursting
Elevated activity periods in the circadian rhythms of mobile animals are generally linked to feeding
(Sharma 2003; Curtis & Rasmussen 2006; Kelly et al. 2020a; Lear et al. 2021). We used the presence
of bursting behaviour to explore if we could link feeding to circadian cycle sensu Gleiss et al. (2017),
however, we did not find it to follow a clear diurnal rhythm. Our models found bursting rates were
higher in the day, dawn and dusk phases than night, although these were only significant at the
Neptune Islands, Inshore at Gansbaai and Aptos. Ecotourism is known to increase activity and elicit
bursting behaviour in white sharks (Huveneers et al. 2018b; Watanabe et al. 2019b) and is present at
Gansbaai and the Neptune Islands. The presence of bursting peaked in both these sites during the
busiest hours of ecotourism activities, which was likely due to interactions with the industry’s baited
lines. However, the tail beat frequencies recorded in both areas are comparable to other locations,
meaning sharks may balance the periods of time they are more active at ecotourism vessels with
natural, less active behaviours elsewhere. The BPs rhythm at Aptos reflected the activity rhythm
described for the area, lower in the night and morning hours and higher in the late afternoon. Brewster
et al. (2018) described a similar bursting rhythm in lemon sharks in Bimini, Bahamas. However, by
classifying headshakes, their study correlated this to greater feeding rates during this time (Brewster
et al. 2018). As smaller white sharks are more piscivorous (Carlisle et al. 2012; French et al. 2018), the
higher bursting rates seen here may represent a difference in prey capture technique or greater prey
capture rates as a result of the smaller, less nutritious prey coupled to a higher mass-specific
metabolism (Makarieva et al. 2008). By comparison, feeding events on pinnipeds are rare, and the
lack of a pattern in BPs in other areas may reflect the opportunistic foraging nature of white sharks,
which can capture pinnipeds in several movement states, yet do so infrequently (Jorgensen et al. 2015;
Towner et al. 2016). Alternatively, there may be other factors causing bursts events in activity data.
Interactions with topographic features, conspecifics, boats, or other perceived threats may also cause
peaks in activity logs.
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An alternative approach to classifying bursts may be appropriate if more predatory events can be
captured on video (i.e. Jewell et al. 2019; Watanabe et al. 2019b) a ground truthing and hierarchical
clustering or machine learning approach may be used to accurately identify foraging events in
biologger time-series (Ladds et al. 2017; Liu et al. 2019). Such an approach would reveal if a temporal
pattern in feeding occurs or not. However, such models require considerable training datasets, so
more video footage of predatory interactions would be required.
An interesting further test could investigate the circadian rhythms of similarly diverged populations in
a species with higher evolutionary potential, such as the yellowtail kingfish (Seriola lalandi), found
throughout the southern hemisphere but in contrasting and isolated regions (Martinez-Takeshita et
al. 2015) or tiger sharks, which are often referred to as the ultimate generalist among predator sharks
(Ferreira et al. 2017; Aines et al. 2018; Calich et al. 2021). Alternatively, a severely depleted white
shark population with less predictable prey availability, such as in the Mediterranean, may also reveal
evidence of an adapted circadian rhythm.

Broader Implications & Conclusions
Despite hundreds of thousands of years of divergence (Marra et al. 2019), our results suggest the
circadian rhythm of white shark populations are innate. Though we found some residual plasticity
within white shark activity rhythms, all sizes and areas were diurnal. This may be because the species
has low evolutionary potential or because there were limited selective pressures to adapt circadian
rhythms present in the areas we sampled. Species with low evolutionary potential are often more
susceptible to changing environments because they are specialised to specific habitats or conditions.
With biodiversity loss in the Anthropocene at an all-time high and threats such as overfishing, climate
change, habitat degradation and pollution ever-increasing (Dulvy et al. 2021), many unique habitats
and species are disappearing. Understanding the natural activity cycles of top marine predators,
particularly in unique or threatened locations that may change as a result of these threats is an
important consideration for their management and conservation.
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4.7 Additional Results

Table 4.4. A total of 104 deployments were made to 101 individual white sharks in eight aggregation
areas across the world with 89 usable data sets recovered and 2583 hours of data for analysis.
ID.
GAN01
GAN02
GAN03
GAN04
GAN05

Location
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam

Date
22/05/2017
22/05/2017
28/05/2017
01/06/2017
02/06/2017

Size
250
350
250
250
330

Sex
U
F
M
M
U

Reference No.
GAN_CC0706_20170520
GAN_CC0707_20170520
GAN_CC0221_20170528
GAN_CC0706_20170601
GAN_CC0704_20170602

Dpt. hrs
60.1
68.0
89.5
19.1
15.9

Hz
100
100
40
20
20

GAN06
GAN07
GAN08
GAN09*
GAN10

Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam

03/05/2014
03/05/2014
03/05/2014
06/05/2014
06/05/2014

305
400
400
430
270

U
F
F
U
M

GAN_CC0213_20140503
GAN_CD01_20140503
GAN_CD03_20140506
GAN_CD03_20140506
GAN_CD01_20140506

44.5
0.4
52
22
92

40
40
40
40
40

GAN11
GAN12
GAN13
GAN14
GAN15
GAN16
GAN17
GAN18
GAN19
GAN20
GAN21
GAN22
GAN23
GAN24
GAN25
GAN26
GAN27

Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam
Joubertsdam

09/08/2013
09/08/2013
09/08/2013
10/08/2013
10/08/2013
10/08/2013
10/08/2013
10/08/2013
19/08/2013
20/08/2013
23/08/2013
23/08/2013
25/08/2013
25/08/2013
25/08/2013
25/08/2013
25/08/2013

220
220
370
365
220
400
365
245
365
425
275
365
245
245
335
270
380

U
U
U
F
U
F
F
F
M
F
U
M
U
U
F
U
U

GAN_CC0208_20130810
GAN_CC0206_20130809
GAN_CC0207_20130809
GAN_CD04_20130810
GAN_CC0208_20130810
GAN_CD02_20130810
GAN_CC0207_20130810
GAN_CD03_20130810
GAN_CC0208_20130819
GAN_CD04_20130820
GAN_CC0208_20130823
GAN_CC0204_20130825
GAN_CD03_20130825
GAN_CD01_20130824
GAN_CC0206_20130825
GAN_CC0207_20130825

60
29.1
2
20
15.7
4
7.7
18.6
16.8
88.9
11.1
34
19.8
22.6
0.2
-

40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40
40

GEY01
GEY02
GEY03
GEY04*
GEY05
GEY06
GEY07
GEY08
GEY09
GEY10
GEY11
GEY12
GEY13
GEY14

Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock
Geyser Rock

03/05/2014
07/05/2014
07/05/2014
07/05/2014
11/05/2014
11/05/2014
12/05/2014
12/05/2014
13/05/2014
13/05/2014
13/05/2014
11/05/2014
11/05/2014
12/05/2014

305
365
350
430
365
305
290
270
275
305
290
430
400
270

F
F
M
U
F
M
F
F
F
M
M
F
U
F

GAN_CC0208_20140503
GAN_CC0210_20140505
GAN_CC0213_20140507
GAN_CD04_20130820
GAN_CC0213_20140511
GAN_CC0208_20140511
GAN_CD04_20140512
GAN_CD09_20140512
GAN_CD03_20140513
GAN_CD01_20140511
GAN_CC0208_20140513
GAN_CD03_20140511.1
GAN_CD03_20140511.2
GANCD03_20140512

60.5
6.5
9.2
21.9
7.3
2.3
27.4
1.1
32.4
29.5
0.1
0.4
0.4

40
40
40
40
40
40
40
40
40
40
40
40
40
40

TOM01
TOM02

Tomales Point
Tomales Point

10/11/2018
18/11/2018

460
400

F
M

TOM_CC0705_20181110
TOM_CC0705_20181118

60
36

50
50

TOM03
TOM04
TOM05
TOM06
TOM07*
TOM08*

Tomales Point
Tomales Point
Tomales Point
Tomales Point
Tomales Point
Tomales Point

05/10/2017
05/10/2017
15/10/2017
25/10/2017
02/11/2017
05/11/2017

400
320
426
400
290
290

M
M
M
F
F
F

TOM_CC0705_20171005
TOM_CC0707_20171005
TOM_CC0705_20171015
TOM_CC0704_20171025
TOM_CC0704_20171102
TOM_CC0704_20171105

36.6
29
10.3
0.5
6

20
20
20
20
20
20

TOM09

Tomales Point

08/11/2016

305

M

TOM_CC0224_20161108

28.8

40

TOM10

Tomales Point

06/11/2015

335

M

TOM_CC0224_20151106

29.6

40
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TOM11
TOM12

Tomales Point
Tomales Point

12/11/2015
12/11/2015

365
460

M
F

TOM_CC0213_20151112
TOM_CC0221_20151112

9
15.4

40

TOM22
TOM23

Tomales Point
Tomales Point

29/10/2019
03/11/2019

275
320

F
M

TOM_CC0704_20191029
TOM_CC0707_20191103

57.2
66.8

50
50

ANO01
ANO02
ANO03
ANO04
ANO05
ANO06

Año Nuevo
Año Nuevo
Año Nuevo
Año Nuevo
Año Nuevo
Año Nuevo

07/11/2015
23/11/2015
02/12/2015
05/12/2015
08/12/2015
09/12/2015

425
365
520
490
335
425

M
U
F
F
M
M

ANI_CC0215_20151107
ANI_CC0215_20151123
ANI_CC0224_20151202
ANI_CC0221_20151205
ANI_CC0215_20151208
ANI_CC0213_20151209

51
8.25
22.9
14.8
20.9

40
40
40
40
40
40

ANO07
ANO08
ANO09
ANO10
ANO11

Año Nuevo
Año Nuevo
Año Nuevo
Año Nuevo
Año Nuevo

07/11/2019
10/11/2019
11/11/2019
12/11/2019
13/11/2019

400
460
380
380
490

F
F
F
U
U

ANI_CC0617_20191107
ANI_CC0704_20191110
ANI_CC0706_20191111
ANI_CC0704_20191112
ANI_CC0707_20191113

29.4
5.2
52.8
9.6
74.4

20
50
50
50
50

APT01
APT02
APT03
APT04
APT05
APT06
APT07
APT08

Point Aptos
Point Aptos
Point Aptos
Point Aptos
Point Aptos
Point Aptos
Point Aptos
Point Aptos

18/07/2018
03/08/2018
10/08/2018
22/08/2019
29/08/2019
29/08/2019
30/08/2019
20/09/2019

215
214
215
260
190
220
230
250

F
F
U
U
U
F
U
M

APT_CC0705_20180718
APT_CC0704_20180803
APT_CC0705_20180810
APT_CC0705_20190822
APT_CC0706_20190829
APT_CC0704_20190829
APT_CC0704_20190830
APT_CC0704_20190920

148.5
1.3
29.6
3.8
92.4
5.5
41.6
2.5

50
50
50
50
50
50
50
50

FAR01
FAR02
FAR03

Farallon Isl.
Farallon Isl.
Farallon Isl.

16/10/2018
21/10/2018
11/10/2019

485
550
440

F
F
F

FAR_CC0704_20181016
FAR_CC0737_20181021
FAR_CC0704_20191011

42
31
33.1

50
20
50

NEP01
NEP02
NEP03
NEP04
NEP05
NEP06
NEP07
NEP08
NEP09
NEP10

Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes

30/08/2014
31/08/2014
01/09/2014
01/09/2014
02/09/2014
28/10/2015
28/10/2015
30/10/2015
30/10/2015
20/01/2016

330
320
430
430
420
350
380
370
290
350

M
M
M
M
F
M
M
M
M
M

NEP_LLHUV01_20140830
NEP_LLHUV02_20140831
NEP_LLHUV03_20140901
NEP_LLHUV04_20140901
NEP_LLHUV05_20140902
NEP_LLHUV06_20151028
NEP_LLHUV07_20151028
NEP_LLHUV08_20151030
NEP_LLHUV09_20151030
NEP_LLHUV10_20160120

17.1
22.5
2
39.6
20.5
0.5
23.9
12.1
13.6
37.4

16
32
32
32
32
32
16
32
32
32

NEP11
NEP12
NEP13
NEP14*
NEP15*
NEP16
NEP17
NEP18

Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes
Neptunes

17/05/2020
19/05/2020
21/05/2020
23/05/2020
25/05/2020
25/05/2020
11/06/2020
12/06/2020

280
285
270
360
360
340
380
270

M
F
F
F
F
F
M
F

NEP_CCHUV11_20200517
NEP_CCHUV12_20200519
NEP_CCHUV13_20200521
NEP_CCHUV14_20200523
NEP_CCHUV15_20200525
NEP_CCHUV16_20200525
NEP_CCHUV17_20200611
NEP_CCHUV18_20200612

0.2
36.6
32.1
32.8
32.7
23.2
25.6
85.2

20
20
20
20
20
20
40
20

CAP01
CAP02
CAPX1

Cape Cod
Cape Cod
Cape Cod

19/10/2015
21/10/2015

490
370

F
F

CAP_CC0219_20151019
CAP_CC0218_20151021

27.8
5.3

40
40

CAP03
CAP04
CAP05
CAP06
CAP07
CAP08
Total

Cape Cod
Cape Cod
Cape Cod
Cape Cod
Cape Cod
Cape Cod
8 Areas

21/07/2019
26/07/2019
24/08/2019
27/08/2019
16/09/2019
24/10/2019
2013-2020

340 U
370 M
300 F
430 M
300 F
340 M
190-550

CAP_CCWIN03_20190721
CAP_CCWIN04_20190726
CAP_CCWIN05_20190824
CAP_CCWIN06_20190827
CAP_CCWIN07_20190916
CAP_CCWIN08_20191026
104 deployed, 89 usable

8.3
15.0
80.4
23:8
31.1
25.3
2583$

20
20
20
20
20
20
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Table 4.5. The selected linear model contained the effect of area, diel phase, size and an interaction
between area and size on average TBF recorded for each shark.
TBF ~ Area + Diel Phase + Size
Residuals:
Min
1Q
Median
3Q
Max
-0.104018 0.035178 -0.00399 0.026865 0.162696
Coefficients:
Estimate
SE
t value
Pr(>|t|)
(Intercept)
5.68e-01
2.62e-02
21.701
< 0.001
AreaAPT
-9.26e-02
1.85e-02
-5.001
< 0.001
AreaCAP
1.88e-02
1.37e-02
1.369
0.172
AreaFAR
5.98e-02
1.72e-02
3.477
< 0.001
AreaGAN
2.55e-03
1.26e-02
0.202
0.840
AreaGEY
2.49e-02
1.63e-02
1.528
0.128
AreaNEP
-3.60e-03
1.21e-02
-0.298
0.766
AreaTOM
2.05e-02
1.21e-02
1.694
0.091
PhaseDay
5.39e-03
2.78e-02
0.194
0.846
PhaseDusk
1.20e-02
8.90e-03
1.347
0.179
PhaseNight
-2.88e-03
8.88e-03
-0.324
0.746
Size
-2.66e-02
9.09e-03
-2.922
0.004
Residual standard error: 0.051 on 273 degrees of freedom
Multiple R-squared: 0.373,
Adjusted R-squared: 0.345
F-statistic: 13.51 on 12 and 273 DF, p-value: < 2.2e-16
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Table 4.6. Summary of the best fitting by Area GAMM describing the effect of time, size and area on
TBF. There was little difference in TBF between site, with only Aptos containing only small sharks
(<260 cm) and the Farallones containing only large sharks (>450 cm) returning significant results. TBF
was found to significantly decrease with size. The effect of time on TBF was significant in all areas but
Geyser Rock and on sharks that were travelling.
TBF ~ Area + s(Time by Area) + Size
Parametric coefficients:

(Intercept)
AreaAPT
AreaCAP
AreaFAR
AreaGAN
AreaGEY
AreaNEP
AreaTOM
AreaTRA
Size

Estimate

SE

-0.550
-0.166
0.032
0.182
0.043
0.104
0.039
0.072
0.118
-0.00122

0.098
0.070
0.053
0.070
0.049
0.054
0.049
0.049
0.057
0.00021

Pr(>|t|)
value

t
5.604
-2.36
0.60
2.59
0.87
1.91
0.85
1.48
2.05
-5.82

< 0.001
< 0.05
0.546
< 0.01
0.382
0.057
0.421
0.139
< 0.05
< 0.001

Approximate significance of smooth terms:
edf
Ref.df

F

p-value

s(Time):AreaANO
s(Time):AreaAPT
s(Time):AreaCAP
s(Time):AreaFAR
s(Time):AreaGAN
s(Time):AreaGEY
s(Time):AreaNEP
s(Time):AreaTOM
s(Time):AreaTRA

6.47
0.82
0.86
0.61
4.59
0
2.95
4.40
0

< 0.001
< 0.05
< 0.05
< 0.05
< 0.001
0.794
< 0.001
< 0.001
0.448

5.27e+00
2.38e+00
2.19e+00
1.91e+00
6.11e+00
1.32e-07
3.57e+00
4.39e+00
4.24e-06

8
8
8
8
8
8
8
8
8
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Table 4.7. Model selection table for binomial generalised linear models containing all combinations of effects and interactions between size, diel phase, and
area on average BPs recorded for each shark. As the weight was evenly split between the top two models and these contained less than 60% of the weight,
model averaging was used to select a combination of all models with a delta AICc value over 4.
BPs ~ Size * Diel
Phase * Area,
family = binomial
Model

(Int)

1
3
5
7
2
4
6
39
8

-0.2213
-0.1769
0.1009
0.1531
-0.3714
-0.3643
-0.2449
-1.308
-0.2489

Area

Diel Phase

Size

Area:Phase

Area:Size

Phase:Size

Area:Phase:Size

+
+
+
+
+
+

-0.00092
-0.00092

+
+
+

-0.00029
0.003155
-0.00026

+

df

logLik

AICc

delta

weight

1
4
2
5
9
12
10
8
13

-173.68
-170.62
-173.27
-170.25
-166.72
-163.80
-166.74
-168.95
-163.83

349.4
349.4
350.6
350.7
352.1
352.8
354.4
354.5
355.1

0
0.01
1.19
1.34
2.76
3.46
4.97
5.08
5.74

0.27
0.27
0.15
0.14
0.07
0.05
0.02
0.02
0.02

Table 4.8. Summary of individual general additive mixed models of the smooth effect of time on bursting presence (BPs) for each of the areas and travelling
sharks.
Area

Model

edf

Ref.df

F

p-value

ANO
APT
CAP
FAR
GAN
GEY
NEP
TOM
TRA

s(Time)
s(Time)
s(Time)
s(Time)
s(Time)
s(Time)
s(Time)
s(Time)
s(Time

0.64
1.39
1.5e-07
4.11e-08
2.07
0.0025
2.63
2.31e-07
1.94e-08

8
8
8
8
8
8
8
8
8

0.11
0.40
0
0
1.06
0
2.55
0
0

0.255
< 0.1
0.428
0.830
< 0.01
0.376
< 0.001
0.603
1

89

90
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Figure 4.5. (Previous two pages) Activities of sharks at each aggregation area over 24 hr periods.

Figure 4.6. Estimates of TBF across size range and areas as predicted by the top selected model (Table
4.3). Variation in TBF was best explained as a function of the phase of the day, size and location. Shaded
areas represent the 95% confidence intervals for the day (lighter) and night (darker), and dashed lines
represent dawn and dusk prediction. TBFs are predicted to be significantly higher during daytime,
dawn or dusk than at night across all areas, and TBF is expected to decrease with size in all areas.
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Figure 4.7. Estimates of BPs across size range and areas as predicted by model averaging (Table 4.7).
There were no significant results to explain BPs as a function of the phase of the day, size and location.
Shaded areas represent the 95% confidence intervals for the day (lighter) and night (darker), and
dashed lines represent dawn and dusk prediction. TBFs are predicted to be significantly higher during
daytime, dawn or dusk than at night across all areas, and TBF is expected to decrease with size in all
areas.
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Figure 4.8. Burst presence as a function of time of day as predicted by generalised additive mixed
models at each site sampled.
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Chapter 5

General Discussion
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5. General Discussion
5.1 Biologging reveals the seascape ecology of white sharks at local,
regional and global scales: an overview of research findings
Landscapes are well known as an important component of ecological processes (Naveh & Lieberman
2013). In this thesis, I have demonstrated how foraging at different seascapes affects various aspects
of the ecology of a top marine predator, the white shark Carcharodon carcharias. With a comparative
and collaborative approach, I used new technology to compare the interactions between white sharks
and their environments at local, regional, and global scales. By working across these scales and
collecting information on a range of movement metrics, I was able to elucidate how white sharks
behave differently in different places and times and how these differences are intrinsically linked to
their external environment. These new insights would not have been possible without the new
technology or tagging individuals across different habitats or populations.
Recent reviews on the key questions of marine megafauna movement ecology (Hays et al. 2016) and
future directions of white shark research (Huveneers et al. 2018a) identified significant knowledge
gaps in the movement ecology of marine megafauna and white sharks, respectively. Work from this
thesis fits within the context of several of these gaps, in particular ‘How much does the physical
environment influence movement?’ and ‘How does the distribution of prey impact movement?’ from
Hays et al. (2016) and ‘What are the mechanisms (biotic and abiotic) driving the distribution,
movements and migrations of white sharks?’ from Huveneers et al. (2018a).
The influence of the physical environment, particularly its structure, on movement has been a central
theme throughout this thesis. At a local scale, heterogenous structures and ecosystem engineers were
known to facilitate predatory interactions between two top predators (Jewell et al. 2014; Wcisel et al.
2015), yet these studies had lacked the technology to observe how these interactions were taking
place. Chapter 2 revealed cryptic interactions between the species that took place inside kelp forest
canopy using biologging techniques. This novel finding wouldn’t have been possible without either the
measurements of turning and activity, derived from the sub-second magnetometer and
accelerometer data, respectively or the animal-borne video footage of the interactions taking place.
This study also addressed how the distribution of prey impacts the movement of white sharks in this
area, as white sharks move into the kelp during the times when Cape fur seals Autocephalous pusillus
pusillus are refuging from them within it.
At a regional scale, while still framing the physical environment and prey as central themes, Chapter
3 dealt directly with mechanisms driving the movements of white sharks (Huveneers et al. 2018a). The
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chapter used Nathan et al. (2008)’s paradigm to explore the internal and external factors influencing
movement ecology and routine of white sharks at four distinct aggregation areas. The chapter found
plastic foraging routines intrinsically linked to environments. The shift between ontogenetic stages
was also clear, with juveniles occupying separate areas and having the study’s most distinct movement
and behaviour.
Finally, at a global scale, this thesis addressed another of Hays et al. (2016)’s proposed questions; ‘Are
there simple rules underlying seemingly complex movement patterns and, hence, common drivers for
movement across species?’ White shark aggregations occur in diverse environments, and vast
distances separate populations, yet in Chapter 3, diurnal patterns in activity were found in all areas
white sharks were sampled in the Northeast Pacific. Did white sharks share a common circadian
rhythm globally? Or were the local adaptions to diverse environments so much that patterns in
locomotor activity would be unrecognisable between different areas and populations? This question
was addressed by tagging white sharks with biologgers in every region they still predictably occur,
involving collaborators worldwide. I led this collaboration and gathered data from each of the previous
studies our research group had been a part of (Chapple et al. 2015; Jewell et al. 2019; Liu et al. 2019)
and those from South Australia (Huveneers et al. 2018b) and Cape Cod (Winton, Sulikowski & Skomal
2021), led by research groups from Flinders University and University of Massachusetts respectively.
A circadian rhythm was detected with diurnal peaks in locomotor activity across all areas and sizes of
shark. Indeed, there is a simple rule underlying the complex drivers of white shark foraging behaviour,
that when conditions allow, they will forage in diurnal routines.

5.2 Lessons learned and future outlooks on the use of biologgers to
study white sharks
This thesis provides important new findings in understanding the movements and behaviours of white
sharks. Chapter 2 was one of the first studies to relate animal-borne video and biologging data to
predator-prey interactions involving white sharks and pinniped prey. Already, similar approaches have
been used to analyse predatory interactions of white sharks and pinnipeds elsewhere (Semmens et
al. 2019; Watanabe et al. 2019a), while these methods were also applied to survey sessile fauna
(Chapple et al. 2021) and reveal the anti-predator tactics of flatback turtles Natator depressus while
threatened by tiger sharks Galeocerdo cuvier (Hounslow et al. 2020). This study was also an important
part of this thesis because it laid the groundwork for the time-series analysis I used in the following
chapters.
The following chapters addressed several knowledge gaps identified by experts in the field and will be
repeatable in other study systems and species as more research groups use biologgers to study mobile
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marine megafauna (Hays et al. 2016; Huveneers et al. 2018a). For instance, it was well understood
that white sharks undertook ontogenetic changes as they developed from juvenile to sub-adult, and
this resulted in differences in diet and range (Carlisle et al. 2012; French et al. 2017; Spaet et al. 2020),
yet it was unknown how these changes manifest in movement or routine characteristics. In both
Chapters 3 and 4, juvenile white sharks at Aptos exhibited lower than expected activity, while in
Chapter 3, they also had the shallowest and least variable depth use. Endothermy in fish species is
expected to result in higher swimming speeds but not an expanded range (Harding et al. 2021).
However, in juvenile white sharks, lower rates of regional endothermy are combined with further
internal limitations, such as higher mass-specific metabolic rates and a lower trophic position, in part
caused by morphological gape restrictions (Mihalitsis & Bellwood 2017). The combination of these
limitations may restrict juvenile white sharks to near-coastal areas and shorter periods of activity.
Meanwhile, sub-adult and adult white sharks roam larger ranges but exhibit other limitations
regarding foraging for pinniped prey, which occurs at a limited number of haul out locations.
Sub-adult and adult white sharks exhibit plasticity in their movement routines to exploit prey at haul
out locations, as demonstrated in Chapters 2, 3, and other studies (i.e. Johnson et al. 2009; Towner et
al. 2016; Winton et al. 2021). Chapter 3 found distinct movements at islands during the day and at
Tomales Point during the day and night, while the movements into kelp forest described at Geyser
Rock in Chapter 2 have yet to be reported anywhere else in the world. This may suggest the species is
highly adaptable in its foraging routines (Nathan et al. 2008). Yet these adaptations may also be
learned techniques, driven by individuals that revisit the same foraging grounds year on year and
develop their routines over long periods as a result (Jorgensen et al. 2010; Anderson et al. 2011; Jewell
et al. 2014). A high degree of specialisation, combined with a conserved circadian rhythm (Chapter 4),
may be further evidence of low evolutionary potential in the species (Galetti et al. 2018). This
specialisation and low evolutionary potential may be problematic for the species if there are
disturbances at aggregation areas, such as prey removal, habitat degradation, or competitive
exclusion. There are historical and present-day examples of such disturbances having moderate to
long-term effects on the populations of white sharks. In Cape Cod, the decimation of the local grey
seal Halichoerus grypus population meant records and sightings of white sharks in the region remained
scarce for over a century (Casey & Pratt Jr 1985; Curtis et al. 2014). Yet since the US Marine Mammal
Protection Act was enforced in 1972, both species have rebounded and white sharks have been found
in reliable numbers for almost a decade, feeding on grey seals during seasonal aggregations (Skomal,
Chisholm & Correia 2012; Skomal et al. 2017; Wood et al. 2020; Winton, Sulikowski & Skomal 2021).
Meanwhile, in the Northeast Pacific, the presence of killer whales causes white sharks to leave the
Farallon Islands for the remainder of their aggregation seasons (Jorgensen et al. 2019). A similar trend
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is currently being observed across the southwest coast of South Africa, where for the previous four or
five years, newly identified killer whales have consistently revisited white shark aggregation areas,
killing several individuals and severely depleting sightings of the species (Hammerschlag et al. 2019;
Towner et al. in prep.). Although each of the populations of white sharks sampled in this thesis are
currently thought to be stable (Towner et al. 2013b; Curtis et al. 2014; Hillary et al. 2018; Kanive et al.
2021), these results suggest the species may still be vulnerable to disturbances, particularly at their
key aggregation habitats.
The future use of biologgers on marine species is exciting. Already a wide range of instruments have
been developed and deployed on animals from blue whales to jellyfish (Fossette et al. 2015;
Goldbogen et al. 2019), with more applications developed regularly (Börger et al. 2020). The methods
developed in each of the chapters presented in this thesis could apply to other species, such as other
marine predators with cryptic life histories (Leclerc et al. 2012), central place foragers that occur and
feed in disparate habitats (Hearn et al. 2010), or top predators that occur globally but in isolated
populations (Calich et al. 2021). Yet further analysis could also be undertaken of the data collected.
One further approach may be to apply state-space models, such as Hidden Markov Models, to our
time-series data and address how movement state may change on finer temporal scales in relation to
internal or external factors (Byrnes et al. 2021). Another approach might be the further classification
of burst swimming events to reveal the diversity or intensity of foraging events (Jorgensen et al. 2015;
Brewster et al. 2018). The use of biologgers alongside traditional telemetry methods may also provide
novel results and address further questions in the movements and ecology of top marine predators.
The day-night shark movement tracks produced in Chapter 3 are remarkably similar to those produced
by active acoustic telemetry from day-night tracking of white sharks in South Africa (Figure 5.1).

Figure 5.1 A) The day-night analysis of a 440 cm TL female white shark tagged with a biologger at the
Farallon Islands, in Central California produced a remarkably similar track to a 420 cm TL male white
shark B) tagged at Dyer Island and Geyser Rock, Gansbaai, South Africa.
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An advantage in using dead-reckoning to build pseudo tracks is that information on heading and
tortuosity can easily be related to other movement metrics such as activity or depth use. While the
use of traditional tracking techniques can produce more accurate information on where the animal is
located. Complementing the two techniques, either through the setting of an array of acoustic
receivers or through active tracking animals with biologgers attached, would allow greater insight into
the areas of seascapes sharks are more active (Kneebone et al. 2018) or interactions with the physical
properties, or energy landscape, of the water column (Shepard et al. 2013; McInturf et al. 2019;
Papastamatiou et al. 2021). Both would provide further insight into the activity rhythms and energy
budgets of white sharks at aggregation areas. Additional, newly-developed features available on some
biologgers include low-light or infrared cameras that may elucidate night time or deep water foraging
(Adachi et al. 2021) and environmental loggers such as conductivity temperature and depth (CTD) or
dissolved oxygen sensors that can relay oceanographic parameters alongside movement information
(Harcourt et al. 2019). Either of these options may add further insight into the movement of white
sharks into deeper water or at night, particularly those in the Northeast Pacific revealed in Chapter 3.
Future developments in technology will one day allow long-term deployments of biologgers without
the need to retrieve units and download data. Instead, larger bandwidths will allow full data logs to
be uploaded via satellite-linked telemetry or drone-mounted receivers (Wikelski et al. 2007; LowerreBarbieri et al. 2019). Such technology would allow multi-metric data on the movements and
behaviours of white sharks to be collected across their range, including at remote offshore aggregation
areas such as the White Shark Café or the Mozambique Channel (Jorgensen et al. 2010; Kock et al.
Submitted). This data may reveal further cryptic foraging of the species. It may also reveal if offshore
aggregations are where mating occurs (Jorgensen et al. 2012a), addressing a huge knowledge gap in
our understanding of the species (Huveneers et al. 2018a).
The use of biologgers will continue to grow, and technology will continue to add new features and
miniaturise instruments, increasing both the number of species capable of carrying such devices and
the questions researchers can ask of their movements, behaviours, and ecology. Soon biologging will
no longer be considered a ‘new’ technology and eventually it will likely become a standard tagging
technique used alongside established traditional methods. The work presented in this thesis provides
ideas and guidance for future studies seeking to ask such questions.

5.3 Concluding remarks
White sharks are iconic marine predators previously hunted and overfished to the brink of extinction
(Compagno 1991; Fergusson, Compagno & Marks 2009). The species populations are now stable in
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just four remaining and genetically separated global regions (Marra et al. 2019), each sampled as part
of this thesis. In each of these regions, specific habitats where multiple individuals aggregate
seasonally have been identified. This thesis has revealed cryptic foraging tactics, drivers of movement
and routine and a conserved circadian rhythm within the species in these areas. Preservation of these
areas and the prey species within them is critical for the future of white sharks that remain vulnerable
to a range of anthropogenic threats across their range (Dulvy et al. 2014; Dulvy et al. 2021).
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